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ABSTRACT 
 
Ascochyta blight disease caused by Ascochyta rabiei is a major constraint to 
chickpea (Cicer arietinum) production worldwide and remains an unresolved 
problem. The interaction of this pathogen with its host involves diverse strategies 
due to the necrotrophic nature of the A. rabiei pathogen. A. rabiei is a member of 
the order Pleosporales which contains most fungal species known to produce crop 
diseases involving necrotrophic fungal effectors; we therefore hypothesised that 
this A. rabiei pathogen would use a similar mechanism to those employed by other 
Pleosporales in its own interaction with the host. 
 
The analysis of the genome assembly of A. rabiei isolate ME-14 assembled from 
Illumina Genome Analyzer 75 bp paired-end reads was carried out with 
approximately 20x coverage. The genome is approximately 34 Mb in length with 
11,391 proteins (≥ 50 amino acids) predicted by the self-training GeneMark-ES 
software. Of these, 1,057 were predicted by SignalP and WoLF PSORT to be 
secreted by A. rabiei.  
 
Validation of gene annotations was carried out with the support of expressed 
sequence tag (EST) transcripts, proteomics and protein alignment analysis. Despite 
the small scale and limited data of this study, several hundreds of gene models 
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were validated. This finding suggests the A. rabiei genome assembly offers a 
reasonably accurate representation of its gene-coding regions.  
 
Assembly and annotation of the fungal genome were performed with the main 
aims of providing insight into biological aspects of pathogenesis and facilitating 
effector candidate identification. Mining the in silico predicted genes through 
comparative genome analyses, using several published databases, provided 
information on which genes potentially were involved in pathogenesis. A total of 7 
PKS, 2 NRPS and 1 PKS/NRPS hybrid were predicted in the A. rabiei genome. Of 
these, one striking PKS gene, ARA11537, was highly homologous to SOL1, an 
Alternaria solani solanapyrone polyketide synthase gene. Comparative genomic 
and phylogenetic analyses with other Pleosporales genome data showed that the 
solanapyrone biosynthesis gene cluster (SBGC) was only present in A. solani and A. 
rabiei but not in other species, suggesting possible horizontal gene transfer (HGT) 
events between these two species.  
 
Infiltration of A. rabiei culture filtrate (CF) into chickpea leaves produced necrotic 
and chlorotic symptoms. Different chickpea cultivars also showed different 
responses upon infiltration. Partial purification of the CF using ion exchange (IEX) 
and hydrophobic interaction chromatography (HIC) identified the active fractions. 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis 
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suggested the effector protein(s) responsible are within a size range of 10–50 kDa. 
In silico analysis of effector candidates predicted 266 small secreted proteins (SSPs) 
(< 30 kDa). The assembly provided an invaluable resource and in conjunction with 
mass spectrometry peptide analysis, several potential effector proteins were 
identified. In summary, this study has advanced further understanding of the 
mechanism of pathogenicity in A. rabiei, bringing us one step closer to achieving a 
solution for control of this pathogen.  
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1.1 Ascochyta blight disease 
Pulse crops are important in the worldwide food chain as they are a major source 
of nutritional value and calories (Patterson, Maskus, & Dupasquier, 2009). 
Ascochyta blight is a main biotic constraint in pulse production that causes total 
losses in severe epidemics (Davidson and Kimber, 2007). The disease is caused by 
different fungal species which are specific for each pulse crop. Ascochyta blight 
disease in chickpea (Cicer arietinum), lentil (Lens culinaris) and faba bean (Vicia 
faba) is caused by Ascochyta rabiei, Ascochyta lentis and Ascochyta fabae, 
respectively. Whereas 3 pathogens, named Ascochyta pisi, Phoma medicaginis var. 
pinodella, and Mycosphaerella pinodes, are responsible for causing Ascochyta 
blight in pea (Pisum sativum) (Tivoli and Banniza, 2007).  
 
The general characteristics of the symptoms of the disease include necrotic lesions 
on all above-ground parts of the host plant, stem girdling and breakage, and plant 
death (Davidson and Kimber, 2007). An example of the symptoms of Ascochyta 
blight disease is shown in Figure 1.1.  
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Figure 1.1: Necrotic lesion and stem breakage caused by Ascochyta blight on pulse 
crop. A: Ascochyta blight on chickpea, B: Ascochyta blight on pea and C: Ascochyta 
blight on faba bean (Adapted from Tivoli and Banniza, 2007). 
 
 
In order to identify the host specificity of Ascochyta spp., artificial inoculations 
were carried out in the greenhouse and in growth chambers. These studies 
demonstrated that legume-associated Ascochyta spp. are host-specific (Kaiser, 
1973; Tripathi, Singh, & Chaube, 1987; Kaiser, 1991; Kaiser, 1997; Khan, Ramsey, & 
Scott, 1999; Hernandez-Bello, Chilvers, Akamatsu, & Peever, 2006). Phylogenetic 
analysis based on ribosomal internal transcribed spacer regions (ITS) and 3 protein-
coding gene sequences, glyceraldehyde-3-phosphate-dehydrogenase (G3PDH), 
translation elongation factor 1-alpha (EF) and chitin synthase 1 (CHS) revealed that 
A. rabiei  clustered distinctly from A. lentis, A. fabae and A. pisi (Peever, Barve, 
Stone, & Kaiser, 2007). Furthermore, the combined phylogenetic analyses of 
Peever et al., (2007) and analysis of plastid matK phylogeny of host plants (Steele 
and Wojciechowski, 2003) showed some evidence of coevolution of pathogen and 
host. 
 
 
Image has been removed because of copyright restriction 
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Ascochyta spp. have been demonstrated to be seedborne (Kaiser, 1972; Maden, 
Singh, Mather, & Neergaard, 1975) and infected seed can be the most important 
source of inoculum for long-distance spread (Kaiser, 1997; Tivoli, Be’asse, 
Lemarchand, & Masson, 1996). A study conducted by Kaiser (1997) indicated that 
infected seeds were responsible for the introduction of various Ascochyta sp. and 
the wide distribution of the resulting disease within many countries worldwide. In 
addition, the movement of this infected seed not only leads to the introduction of 
virulent pathotypes, but may also spread compatible mating types into new areas, 
which can result in rapid adaptation of virulent isolates due to sexual 
recombination (Hane, Williams, Taranto, Solomon, & Oliver, 2015). 
 
1.1.1 Economic impact on legume crops 
Ascochyta blight is a major constraint to pulse crops and in severe epidemics it 
causes devastating loss. The frequent occurrence of Ascochyta blight disease limits 
the area of cultivation, reduces yields of pulse production, and results in low seed 
quality.  The disease is widespread and has been reported to cause losses in many 
countries. Several studies have reported that susceptible crop varieties can 
experience 100% yield loss (Reddy and Singh, 1990; Hanounik and Robertson, 
1989). 
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Singh, Kapoor, and Singh (1982) reported that chickpea cultivated in the north-
western states of India and Pakistan was affected with Ascochyta blight, causing 
losses valued at more than $7 million.  Similarly, in the Pacific West of the United 
States, financial losses of more than one million US dollars were experienced in 
1987 (Kaiser and Muehlbauer, 1988).  In the province of Saskatchewan where the 
majority of Canadian chickpea was grown, yield loss caused by an Ascochyta blight 
epidemic reached 96% in 1999 (Chongo and Gossen, 2001). Several factors such as 
weather conditions, drought and early frost also contributed to this loss (Chongo 
and Gossen, 2001). 
 
The pathogen A. lentis has been isolated in many lentil-growing countries including 
New Zealand, Australia, Canada, India and others. However, not many studies of 
yield loss due to Ascochyta blight have been reported. Estimated losses due to 
Ascochyta blight of lentils were in the range of 40–70% in Canada (Gossen and 
Morrall, 1983), Pakistan (Malik, 1983) and the United States (US) (Kaiser, 1992). 
Most of the losses were due to unmarketable lentil seeds where infected seeds had 
been discoloured to a brownish hue (Kaiser, 1981; Gossen and Morrall, 1983).  
 
For faba bean, yield losses due to Ascochyta blight can be as high as 90–100% in 
susceptible cultivars (Yu, 1947; Hawtin and Stewart, 1979; Hanounik and 
Robertson, 1989). Ondrej and Hunady (2007) and Hampton (1980) have both 
previously reported 32 and 41% yield loss in the Czech Republic and New Zealand, 
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respectively. Several factors contribute to the disease severity including weather 
conditions (McKenzie and Morrall, 1975; Maurin and Tivoli, 1992) and cultivar 
resistance. In the drier areas of eastern England, crop losses were relatively low but 
pod infection can become severe later in the growing season, especially in autumn-
sown crops, resulting in high levels of seedborne infection (Hanounik and 
Robertson, 1989). 
 
Yield losses in commercial pea-growing areas have been estimated to be at least 
10% in Australia (Bretag, Keane, & Price, 2006) and Canada (Wallen, 1974 ). In 
other reports, an experimental field plot in France experienced 40% yield loss, 
while in Canada, more than 50% yield loss was reported in field trials (Xue, 
Warkentin, Greeniaus, & Zimmer, 1996). 
 
1.2 The host plant —Chickpea (Cicer arietinum L.)  
Chickpea (Cicer arietinum L.), belonging to the family Fabaceae, is one of the 
world’s most important pulse crops. It originated in Turkey (van der Maesen, 1987; 
Harlan, 1992) and is now widely cultivated in the Indian subcontinent, southern 
Europe and South and West Asia. Chickpea is the second most valuable pulse crop 
after soybean in terms of worldwide production (FAO, 2013). India currently 
dominates chickpea production, producing about 8 million tonnes annually (67.4% 
of total world production), followed by Australia (6.2%) and Pakistan (5.7%) (Table 
1.1) (FAO, 2013).  
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Table 1.1: Worldwide distribution of chickpea production by country, 2013 (FAO, 
2013) 
 
Country Production (Mt) 
India 8,832,500 
Australia 813,300 
Pakistan 751,000 
Turkey 506,000 
Myanmar 490,000 
Iran  295,000 
Ethiopia 249,465 
Mexico 209,941 
Canada 169,400 
United States of America 157,351 
United Republic of Tanzania 120,000 
Malawi 67,000 
Yemen 58,000 
Syrian Arab Republic 57,500 
Argentina 53,500 
Russian Federation 47,000 
Algeria 29,000 
Israel 26,315 
Morocco 25,003 
Spain 22,000 
Others  122,748 
Total 13,102,023 
 
Chickpea is important not only for its nutritive value, but also for its ability to 
maintain soil fertility by fixing atmospheric nitrogen. Apart from being an essential 
source of dietary protein for humans, chickpea is also a significant contributor to 
agricultural sustainability that plays an important role in the maintenance of soil 
fertility, particularly in dry, rainfed areas (Katerji et al., 2001). Chickpea has an 
average composition of 16–21% protein, 3% ash, 3–7% lipids, 5–13% crude fibre 
and 59–67% carbohydrates; of the total grain carbohydrates, about 40–50% is 
starch (Singh, Sandhu, & Kaur, 2004; Costa, Queiroz-Monici, Reis, & Oliveira, 2006). 
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There are two types of chickpea seed. Kabuli types are grown in temperate regions 
while the desi types are grown in the semi-arid tropics (Muehlbauer and Singh, 
1987). Desi types are much smaller than the kabuli, with darker coloured seed and 
thick seed coats, while kabuli are usually large-seeded with a thin cream or beige 
seed coat colours (Moreno and Cubero, 1978). Both types of chickpea are 
consumed in many forms, from fresh green seed to dried whole seed.  According to 
Sharma, Yadav, Singh, & Kumar (2013), there are significant differences in terms of 
crude protein content and starch digestibility between kabuli and desi chickpeas. 
Kabuli contains the highest value for both factors. 
 
The productive cultivation of chickpea depends on avoidance of both abiotic and 
biotic stresses. Drought, heat/cold stress and soil salinity are among abiotic factors 
responsible for low yield and production of chickpea.  Among these abiotic factors, 
drought is the major problem in most chickpea-growing regions because the crop is 
grown on residual moisture and the crop is eventually exposed to terminal drought 
(Johansen et al., 1994). In West Asia and North African countries, low temperatures 
cause freezing injury, death or delayed onset of podding, which reduces yield 
tremendously (Singh, 1987). Heat and salinity problems are relatively important 
following drought and cold stresses (Singh, Malhotra, Halila, Knights, & Verma, 
1994). In addition, the occurrence of biotic stresses in the form of foliar and root 
diseases, especially Ascochyta blight, can cause yield losses of up to 100% in 
severely infected fields.  The currently recommended method of managing disease 
in chickpea is to use resistant varieties. 
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The Australian chickpea industry has grown substantially over the past 10 years. 
New South Wales is the largest chickpea production area in Australia, followed by 
Queensland, Western Australia, South Australia and Victoria. In New South Wales, 
chickpea is grown primarily in the northern part of the state (Chudleigh, 2012).  In 
2011, major importers of Australian chickpea were India, Pakistan and Bangladesh 
(Pulse Australia, 2012). Chickpea exported to India accounted for nearly 80% of 
total exports. Australian chickpea production has fluctuated greatly between 2002 
and 2012 (Figure 1.2). In 2011, the total area of production increased to 546,000 ha 
from 429,000 ha in 2010. In contrast, the yield of chickpea produced in 2011 
decreased to nearly 40% (0.69 tonnes per ha) when compared to 2010 (1.14 tonnes 
per ha). There are many factors that may have contributed to this situation, such as 
the occurrence of disease, weeds and drought (Chudleigh, 2012).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2: Area and yield of Australian chickpea production from 2000 to 2012. 
(Data adapted from Chudleigh, 2012) 
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1.2.1 Host resistance 
Resistance to biotic stress is the ability of an organism to exclude or overcome the 
effects of pathogen attack (Agrios, 1988). Inheritance of host plant resistance is a 
valuable and favourable feature in chickpea varieties because it allows farmers to 
grow resistant plants and reduces the need for more expensive methods of control. 
Resistance of chickpea to Ascochyta blight has been identified in the response of 
anatomical characters, physiological activity and biochemical changes of certain 
compounds and enzymes (Pande et al., 2005). For example, during the infection 
process, the resistant chickpea genotypes displayed a thicker stem epidermis 
(Angelini, Bragaloni, Federico, Infantino, & Porta-Puglia, 1993), together with 
increased rates of respiration and total carbohydrate content (Dolar and Gürcan, 
1995), and an increased chitinase level (Nehra, Chugh, Dhillon, & Singh, 1994), 
compared with susceptible genotypes.   
 
Breeding for Ascochyta blight resistance is an important goal in chickpea breeding 
programs as it is considered to be the most economical solution for long-term 
disease management. Identification of host resistance in chickpea is often limited 
by the absence of high levels of resistance in the germplasm and the appearance of 
new pathogen pathotypes that overcome the resistance of existing cultivars 
(Tar’an, Warkentin, Tullu, & Vandenberg, 2007). However, intensive research at 
two major organisations— ICARDA (International Center for Agricultural Research 
in the Dry Areas) and ICRISAT (International Crops Research Institute for the Semi-
Arid Tropics) — have identified several sources of resistance chickpea germplasm 
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including wild Cicer species (C. bijugum, C. judaicum and C.  pinnatifidum) (Pande, 
Sharma, Pathak, & Narayana, 2006; Pande, Sharma, Gaur, & Gowda, 2010).  
 
Substantial progress has also been made in other breeding programs around the 
world. Resistant lines from ICARDA and ICRISAT have been used as sources of 
Ascochyta blight resistance and released as varieties. Examples of chickpea 
varieties developed by worldwide breeding programs are listed in Table 1.2. 
Screening and identification of sources of resistance is a continuous process due to 
the rapid occurrence of new pathotypes. Du, Zhao, Raju, Davies, & Trethowan 
(2012) reported the evaluation of resistant genotypes in the Australian chickpea 
germplasm.  A total of 5 genotypes, including 3 new chickpea lines from India (ICCV 
98813, ICCV 05111 and ICCV 98801), were found to be resistant to the most 
aggressive A. rabiei isolates. Similarly, Jabbar et al., (2014) reported 2 highly 
resistant lines in their analysis of Pakistan chickpea germplasm. 
 
Despite the use of improved breeding lines, even under favourable conditions 
some resistant varieties can still experience serious yield loss (Agriculture 
Knowledge Centre, Saskatchewan government Ministry of Agriculture, Canada, 
2007). Therefore, a combination of integrated disease management strategies, 
such as appropriate farming practices and strategic application of fungicides, is 
needed when controlling this disease (Pande et al., 2005; Gan, Siddique, Mac Leod, 
& Jayakumar, 2006).  
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Table 1.2: Summary of chickpea breeding lines, their seed type, pedigree, resistance phenotype and year of release, listed by country 
 
Country Name  Seed 
Type 
Pedigree Disease 
resistance 
Year 
released 
Reference/Research Program 
Australia Almaz K X94TH103 X FLIP90-109C MR 2005 Siddique et al., 2007a 
 
Nafice K X94TH8/FLIP88-6 X FLIP 90-109 MR 2005 Siddique et al., 2007b 
 
Genesis 090 K Introduction line from ICARDA R 2005 Victorian Department of Primary 
Industries 
 
PBA HaTrick D Jimbour X ICC14903 MR/R 2009 PBA (Pulse Breeding Australia) 
 
Genesis 079 K Introduction line from ICARDA R 2009 Victorian Department of Primary 
Industries 
 
PBA Slasher D Howzat X ICC03996 R 2009 PBA  
 
PBA 
Boundary 
D Jimbour X ICC3996 R/MR 2012 PBA  
 
PBA Striker D 8511-14 X ICC3996 MR 2012 PBA  
 
PBA Maiden D 940-105 X ICC3996 MR 2013 PBA  
 
      
Canada CDC Desiray D ICCX860047 X 90R-95 F 1999 Vanderberg et al., 2004 
 
CDC Anna D ICCX860047 X ICC7002 F 2000 Vanderberg et al., 2003a 
 
CDC Nika D ICCX860047 X C188-587 F 2000 Vanderberg et al., 2003b 
 
CDC Cabri D ICCX860027 X ICCX860047 F 2003 Warkentin et al., 2005a 
 
CDC Frontier K FLIP91-22C X ICC14912 F 2003 Warkentin et al., 2005b 
 
CDC 
Vanguard 
D 92073-60D X 92056-8 X 
ICCV96029 
F 2006 Warkentin et al., 2009 
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Table 1.2: continued 
Country Name  Seed 
Type 
Pedigree Disease 
resistance 
Year 
released 
Reference/Research Program 
Canada CDC Corinne D Landrace/Unknown F 2008 Tar’an et al., 2009b 
       
 
CDC Luna K FLIP91-123C X FLIP84-79C X 
FLIP90-127C 
F 2007 Tar’an et al., 2009a 
CDC Orion K FLIP95-48C X 93-120-63K F 2010 Tar’an et al., 2011 
       Iran Hashem K ILC1920 X ILC2956 R 1997 Sabaghpour et al., 2005 
 
Arman K ILC5342 X FLIP84-93C R 2004 Sabaghpour et al., 2006 
       Syria Ghab5 K ILC629 x FLIP82-144C R 2002 Nassif, Malhotra, Singh & Khalaf, 
2005 
 
Ghab4 K From line FLIP93-93C (FLIP85-
122C X FLIP82-150C X FLIP86-
77C) 
R 2002 Malhotra,Nassif, Singh, & Khalaf, 
2005 
    
   
Turkey Gokce K From line FLIP87-8C (ILC3398 X 
FLIP83-13C) 
R 2006 Kusmenoglu et al., 2006 
India L551 K ICCC32 X ICCX7805-BH-10H-BH MR 1999 Bains et al., 2000 
Abbreviation:  
Seed Types:  K  : Kabuli       D : Desi 
Disease Resistance:  R : Resistant    MR : Moderately resistant   F : Fairly resistant (only in Canadian publications).  
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1.2.2 Marker-assisted breeding 
Marker-assisted selection (MAS) is a method exploiting molecular markers in order 
to target the presence of allelic variation in the genes underlying desirable traits. 
Subsequently, plants that possess particular genes or quantitative trait loci (QTLs) 
may be identified. MAS for Ascochyta blight resistance could potentially facilitate 
the development of resistant chickpea cultivars. Ascochyta blight resistance in 
chickpea is quantitative in manner. Breeding programs attempt to combine genes 
in new cultivars to improve the level and durability of resistance, but this process is 
further complicated if more than one QTL or gene controls a single phenotype. 
Considerable efforts have been carried out to identify QTLs/genes responsible for 
Ascochyta blight resistance traits (Millán et al., 2010). Between 2 and 7 QTLs 
associated with resistance to Ascochyta blight at the seedling and adult plant 
development stages have been reported in both interspecific (Santra, Tekeoglu, 
Ratnaparkhe, Kaiser, & Muehlbauer, 2000; Tekeoglu, Santra, Kaiser, & Muehlbauer, 
2000; Tekeoglu, Rajesh, & Muehlbauer, 2002; Collard, Pang, Ades, & Taylor, 2003) 
and intraspecific populations (Flandez-Galvez, Ades, Ford, Pang, & Taylor, 2003; 
Udupa and Baum, 2003; Cho, Chen, & Muehlbauer, 2004). Recently, Varshney et 
al., (2014) exploited identified QTLs for Fusarium wilt and Ascochyta blight in their 
parallel marker-assisted backcrossing (MABC) programs, by targeting the FOC1 
(resistant locus for race 1 of Fusarium wilt) and 2 QTL regions, ABQTL-I and ABQTL-
II. They successfully identified 3 resistant lines to race 1 of Fusarium wilt and 7 
resistant lines to Ascochyta blight. Similarly, Tar’an, Warkentin, Banniza, & 
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Vandenberg (2013) have developed improved Ascochyta blight-resistant varieties 
and have introduced double-podding using the MABC approach. 
 
Genome sequences for both major cultivars of chickpea were published in 2013. 
The kabuli cv. CDC Frontier was sequenced by Varshney et al., (2013) and the desi 
cv. ICC4958 by Jain et al., (2013). Both genome assemblies provide a great 
opportunity to apply 'genomics-assisted breeding' techniques (Varshney, Graner, & 
Sorrells et al., 2005) to gain a better understanding of the biology of chickpea. 
Recently, Saxena et al., (2014) conducted a high-throughput genome-wide search 
to identify 834 genic and genomic SSR and SNP markers from the CDC Frontier 
genome sequence in order to construct a genetic linkage map associated with agro-
morphological traits in chickpea. Similar approaches could be used when analysing 
comprehensive Ascochyta blight-associated genetic maps and utilising potential 
candidates arising from MAS. The recently released chickpea sequence data may 
also prove to be a valuable resource for approaching a wide range of breeding 
problems associated with diseases or agronomic traits, by serving as a reference for 
the genotyping-by-sequencing method (GBS) (He et al., 2014). This method has 
previously been used in the genotyping and mapping of soybean (Varala, 
Swaminathan, Li, & Hudson, 2011) and of maize (Sonah et al., 2013). 
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1.3 Ascochyta rabiei — the Ascochyta blight pathogen of chickpea 
 
Ascochyta rabiei (Pass.) Labrousse [Syn. Didymella rabiei (Kovachevski)] is a 
filamentous fungus within the order Pleosporales, the largest order in the class 
Dothideomycetes (Hane, Williams, & Oliver, 2011). This order is estimated to 
contain more than 4,700 species (Zhang et al., 2009) including fungal pathogens 
with host ranges spanning wheat, barley, maize, soybean and banana (Hane et al., 
2011). A. rabiei is heterothallic, possessing 2 complementary mating type loci, 
MAT1-1 and MAT1-2 (Turgeon and Yoder, 2000). When these two compatible 
mating types are present in a population, genetic recombination can occur, which 
results in ascospore production (Trapero-Casas and Kaiser, 1992; Wilson and Kaiser, 
1995). Equal frequency of both mating types has been reported in several chickpea 
production regions (Navas-Cortés et al., 1998; Barve, Arie, Salimath, Muehlbauer, & 
Peever, 2003).  
 
A. rabiei was first described by Labrousse (1930) as Phyllosticta rabiei. However a 
year later the name was changed to Ascochyta rabiei (Labrousse, 1931) based on 
the observation of 2–4% single septate spores on artificially inoculated plants. The 
teleomorph of A. rabiei, Didymella rabiei, was first discovered by Kovachevski in 
1936 on overwintering chickpea debris in southern Bulgaria (Kaiser, 1997). 
Didymella rabiei was recognised as a Mycosphaerella species; however, based on 
special features such as a larger ascoma, the arrangement of non-fasciculate asci, 
the presence of pseudoparaphyses and the structure of the ascospores, it was later 
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transferred to the Ascochyta genus (Wilson and Kaiser, 1995). Although there are 
several arguments and different opinions about the name, A. rabiei is the name 
accepted by the majority of those who study it (Nene, 1982). 
 
1.3.1 Life cycle and reproduction 
The life cycle of the fungus includes both asexual and sexual stages, as described by 
Wiese, Kaiser, Smith, & Muehlbauer, (1995) (Figure 1.3). The pathogen produces 
two different types of spore depending on whether it is in the asexual or sexual 
stage. Conidia or pycnospores are produced from the fruiting bodies, pycnidia, 
during their asexual stage, whereas ascospores arise from pseudothecia when 
compatible mating strains are available (Wiese et al., 1995). Ascospores have a 
distinctive ovoid shape, are divided into cells of unequal size by septae and are 
considerably larger than conidia (Nene, 1982). In contrast, conidia are oval to 
oblong in shape and can be either straight or slightly bent at one or both ends 
(Singh and Sharma, 1998).  
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Figure 1.3: Life and disease cycles of Ascochyta rabiei. (Adapted from Kanouni, 
Taleei, & Okhovat, 2011). 
 
There are several sources of inoculum for Ascochyta blight of chickpea including 
infected seed, conidia-infected debris and ascospores (Kanouni et al., 2011). 
However, several findings have reported that overwintering of the fungus in 
infested chickpea stubble is the main source of inoculum for subsequent growing 
seasons (Trapero-Casas, Navas-Cortés, & Jiménez-Diaz, 1996; Gan, Siddique, 
MacLeod, & Jayakumar et al., 2006). Ascospores that are released during the 
following crop season can spread up to 10–15 km by wind, which serves as the 
primary means of infection (Trapero-Kasas and Kaiser, 1992). Gamliel-Atinsky, 
Shtienberg, Vintal, Nitzni, & Dinoor, (2005) reported that ascospore dispersal varies 
depending on successive rainy and dry periods. Temperature and moisture are 
important for controlling pseudothecium development and maturation (Trapero-
Kasas and Kaiser, 1992; Navas-Cortés et al., 1998). Low temperatures ranging 
between 5–10 °C are optimal for pseudothecium maturation.  
 
 
Image has been removed because of copyright restriction 
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Ascospores inside the pseudothecia can survive for long periods of time in different 
conditions such as 5 months on infected seed (Singh et al., 1995), 20 months on 
infected stems (Kaiser and Hannan, 1987) and 8 months on infected debris (Nene 
and Reddy, 1987). Kaiser in 1997 reported that A. rabiei spores on infected seed 
could have an extended lifetime of up to 13 years if stored at 4 °C. However, 
Gossen and Miller, (2004) reported that the viability of A. rabiei field inocula 
decreased after 3 years. 
 
1.3.2 Diagnosis and epidemiology 
Ascochyta blight diseases cause damage in all aerial parts of the chickpea plant 
including leaflets, stems, pods and seeds. The disease presents on the leaf as 
necrotic lesions with brown margins, and grey in the centre where concentric 
circles of pycnidia are produced (Nene, 1984; Shtienberg, Vintal, Brener, & Retig, 
2000). Initially, the symptoms appear as chlorosis and water-soaked lesions, and 
subsequently the size of the lesion increases when suitable environmental 
conditions are present (Latif, Strange, Bilton, & Riazuddin, 1993; Muehlbauer and 
Chen, 2007). Lesions develop on petioles, stems and branches and can be about 3–
4 cm long; elongation often leads to rapid enlargement causing girdling and stem 
breakage, and resulting in plant death (Nene, 1982).  
 
Seedborne infection develops when chickpea pods are infected by Ascochyta 
blight. Infection occurs through the seed coat and cotyledons of the new seed. 
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Seed produced in the infected pods is normally shrivelled and discoloured, with 
round or irregular cankers, and sometimes even bears masses of pycnidia visible to 
the naked eye. Infection during the maturation stage often results in shrivelled and 
infected seed (Nene, 1982). Water and wind may also carry pycnidiospores to other 
parts of the same plant or to nearby plants. Therefore, what begins as a small patch 
of infected plants may spread to an entire field (Akem, 1999). 
 
1.3.3 Pathogenesis and genome organisation 
Penetration of plant leaflet cuticle by A. rabiei requires the formation of 
appressorium-like infection structures (Höhl, Pfautsch, & Barz, 1990; Ilarslan and 
Dolar, 2002). In addition, Ilarslan and Dolar (2002) also identified typical 
appressoria in the stomatal penetration of susceptible cultivars. After contact with 
the host, A. rabiei develops inter- or intracellular hyphae that occur mostly 
between the middle lamellae and the primary cell wall. Involvement of enzymes 
(i.e. cutinase, pectinase and cellulase) in the penetration process by appressorial 
fungi has been suggested by Kubo and Furusawa (1991) and by Köller, Parker, & 
Becker (1991). Hyphae were found to be surrounded by a extracellular electron 
dense sheath (ES) or membrane that possibly contains specific proteins involved in 
the recognition of resistance and initiation of susceptible plant cell-wall 
degradation (Ilarslan and Dolar, 2002). Histological studies of A. rabiei-infected 
chickpea plants showed that, soon after hyphae had expanded subepidermally, 
host cells became deformed and their sub-cellular structure disintegrated (Höhl et 
al., 1990). Such symptoms suggest the involvement of phytotoxins in the fungal 
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blight disease of chickpea. The result is yellowing, necrosis, and stem girdling, with 
extensive formation of mature pycnidia near the vascular tissue.  
 
As a typical necrotrophic pathogen, A. rabiei produces cell-wall degrading enzymes 
such as cutinase, xylanase (Tenhaken, Arnemann, Koehler, & Barz, 1997) and 
exopolygalacturonase (pectinase) (Tenhaken and Barz, 1991) to induce host plant 
cell death. Tenhaken et al. (1997) cloned and characterised a cutinase gene from A. 
rabiei. Mutants with the cutinase gene knocked out could potentially confirm that 
cell-wall degrading enzymes are factors that are essential to the virulence of this 
pathosystem (Jayakumar, Gossen, Gan, Warkentin, & Banniza, 2005).  
 
Previous studies have reported the identification of toxins in the A. rabiei culture 
filtrates including solanapyrones (A, B, and C) (Alam et al., 1989; Höhl, Weidemann, 
Höhl, & Barz, 1991; Kaur, 1995); cytochalasin D (Latif et al., 1993), and a 
proteinaceous phytotoxin (Chen and Strange, 1994). Symptoms caused by 
solanapyrone A include loss of turgor, shrivelling and breakage of stems, and flame-
shaped, chlorotic zones in leaflets. Solanapyrones have been found in culture 
filtrate of the fungus Alternaria solani, the causal agent of early blight in potato and 
tomato (Ichihara, Tazaki, & Sakamura, 1983) and also have been identified in other 
fungal species such as Nigrospora sp. (Wu et al., 2009). The production of 
solanapyrones was highly dependent on the nutrients provided in the medium. For 
example, without aqueous extract of chickpea (Chen and Strange, 1991; Höhl et al., 
1991; Kaur 1995) or metal cations (Zn2+, Ca2+, Mn2+, Cu2+) (Chen and Strange, 
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1991) supplemented in the artificial medium, no solanapyrones were detected. 
Agrobacterium tumefaciens-mediated transformation (ATMT) has been carried out, 
identifying mutants deficient in solanapyrone production (Mogensen et al., 2006). 
Research study by Mogensen et al., (2006) focused on random mutagenesis of 
Agrobacterium tumefaciens-mediated transformation (ATMT) of A. rabiei using 
hygromycin resistance gene (hph). However, no further identification of 
solanapyrone genes has been reported. Recently, a solanapyrone biosynthesis gene 
cluster (SBGC) has been identified in A. solani (Kasahara et al., 2010). Further study 
could be accelerated to determine the presence of similar clusters in A. rabiei. 
 
In addition, a proteinaceous compound has been found when media containing 
plant sap medium (PSM) were used (Chen and Strange, 1994). The protein was 
described as heat labile (a property that is partially inactivated after boiling for 10 
min), and was precipitated with 75% saturated ammonium sulphate; a calculation 
of the number of amino acid residues suggested a molecular mass of 7,551 Da and 
this corresponds to SDS-PAGE band. However, the role of this protein in virulence 
or pathogenicity was not elaborated further. 
 
Recently, the karyotypes of A. rabiei isolates have been analysed using pulsed-field 
gel electrophoresis (PFGE) (Akamatsu, Chilvers, Kaiser, & Peever, 2012). The 
analyses revealed 12 –16 chromosomes between 0.9 Mb and 4.6 Mb with an 
estimated genome size of 23 Mb–34 Mb. There were 3 different groups identified, 
representing general karyotype profiles (A, B and C). Apart from this, there is very 
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limited genomic information available for A. rabiei. Genome sequencing efforts 
would significantly further our understanding of the genetic basis of A. rabiei 
pathogenicity. 
 
1.3.4 Disease control 
An important strategy to reduce the impact of Ascochyta blight in chickpea 
production is the employment of integrated management practice. Pande et al., 
(2005) have stressed that the development of host-plant resistance is essential, 
quite apart from other strategies such as cultural practices and chemical control. 
Cultural practices such as planting disease-free seed, crop rotation with non-host 
crops in 3–4 year cycles, refraining from planting new crops near previously 
infected fields, and the destruction of infected stubble are all important in reducing 
the likelihood of an epidemic (Kaiser and Muehlbauer, 1984; Gan et al., 2006). 
Navas-Cortés et al., (1995) have suggested tillage practices such as burial of 
infected residue and the control of volunteer chickpeas to reduce the inoculum.  
  
Numerous foliar fungicides have been used to suppress Ascochyta blight, including 
Bordeaux mixture, captafol, captan, chlorothalonil, dithianon, ferbam, maneb, 
mancozeb, penconazole, propiconazole, propineb (Antracol), sulphur and 
thiabendazole (Nene and Reddy, 1987; Pande et al., 2005); systemic fungicides 
such as tebuconazole, difenoconazole and azoxystrobin may also be applied up to 4 
days after infection (Gan et al., 2006). 
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1.4 Advances in fungal pathogen genomics  
Genome sequencing is a powerful technique and generates massive data in many 
areas of study, including medical research, industrial microbiology and plant 
pathology. The earliest technique was invented and published by Sanger’s group in 
1977 (Sanger et al., 1977). Since then many research projects have been carried out 
using this technique on various organisms, including humans, animals, plants and 
microbes. 
 
1.4.1 Genome sequencing 
The fungal genome sequencing revolution was pioneered with the publication of 
the first fungal genome, Saccharomyces cerevisiae (Goffeau et al., 1996), followed 
by Schizosaccharomyces pombe (Wood et al.,  2002) and Neurospora crassa 
(Galagan et al.,  2003). The sequencing of the first eukaryotic fungus, yeast (S288C 
strain), has proven an invaluable facilitator for many scientific discoveries. The 
genome data have not only been beneficial to studies of related species but have 
also been used as a reference model for other fungal genomes (Botstein and Fink, 
2011). Engel and Cherry (2013) have summarised that more than 30 yeast strains 
have been sequenced in the 16 years (1996–2012) since the yeast genome was first 
published. Furthermore, strains from various yeast lifestyles, including laboratory 
or industrial, have been sequenced for comparative genomics studies.   
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Now, 20 years after the first yeast genome was published, a new reference genome 
for S. cerevisiae has been updated and maintained at the Saccharomyces Genome 
Database (SGD; http://www.yeastgenome.org/) (Engel et al., 2014). This new 
reference genome called ‘S288C 2010’ originated from an individual yeast colony of 
S288C-derivative strain AB972 and was sequenced using Illumina HiSequation 36-
base sequencing. The aim of the project was to develop a new reference genome 
to serve as the anchor for further innovations in yeast genomic science. The main 
objectives were to provide access to the compendium of allelic and variation 
information and to allow a newly determined sequence to be compared with the 
reference strain, as well as with the sequences of several widely used and 
commonly studied S. cerevisiae strains (Engel et al., 2014). 
 
Advances in plant pathogenic fungal genomics have been accelerated by Sanger 
sequencing and the development of the massive parallel sequencing technologies 
known as ‘next generation sequencing’ (NGS) (Table 1.3). The NGS technologies 
have advantages such as increased number of bases obtained per sequencing run, 
decreased time taken, and the costs per base (Nowrousian, 2010). However, the 
data obtained from the NGS is short (Roche 454 ~ 450 bp) compared to that 
obtained with Sanger sequencing (~ 1000 bp) (Nowrousian, 2010). NGS systems 
typically are represented by SOLiD/Ion Torrent personal genome machine (PGM) 
from Life Sciences, the Genome Analyzer/HiSeq 2000/MiSeq from Illumina, and the 
454 GS FLX Titanium/GS Junior from Roche (Quail et al., 2012; Liu et al., 2012). The 
first successful NGS was the Roche 454 platform, which initially produced 100–
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150 bp read length and 20 Mb data per run, in 2005 (Margulies et al., 2005). 
However, in 2009, with simplified library preparation and data processing, the data 
output was upgraded to 14 G per run (Liu et al., 2012).  
While there has been progress thanks to the modifications in NGS, third generation 
sequencing is now offering new insights into sequencing. Third generation 
sequencing platforms such as Pacbio (Pacific Biosciences) and Nanopore (Oxford 
Nanopore Technologies) offer several advantages such as speed, and longer read 
length, with the signal captured in real time (Timp et al., 2012; Murray et al., 2012). 
 
1.4.2 Fungal phytopathogen genomes 
In the year 2000, the Fungal Genome Initiative (FGI) was launched at the BROAD 
Institute (MIT) in order to accelerate sequencing projects for various species 
covering throughout the kingdom Fungi (Galagan, Henn, Ma, Cuomo, & Birren, 
2005). The earliest sequencing projects for fungal phytopathogens included 
Magnaporthe oryzae, Parastagonospora nodorum, Fusarium graminearum, 
Ustilago maydis, Sclerotinia sclerotiorum, Nectria haematococca and Aspergillus 
flavus (Xu Peng, Dickman, & Sharon, 2006). The availability of genomic data 
provided tremendous opportunities to explore fungal-plant interactions and 
identify pathogenicity factors involved in pathogenesis, with the ultimate aims of 
improving crop production and agricultural practices (Xu et al., 2006; Soanes et al., 
2008). The low cost and availability of next generation sequencing (NGS) 
technologies has facilitated the sequencing and genomic analysis of several 
hundred plant pathogenic fungi. Table 1.3 shows examples of fungal 
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phytopathogen genomes that have been sequenced using Sanger and various types 
of NGS technologies. 
 
The first sequenced and published genome of a plant pathogenic fungus was the 
hemibiotrophic rice blast pathogen M. oryzae (Table 1.3) (Dean et al., 2005) and 
the history of genome sequencing in this species serves as a good example of the 
rapid progress made in ‘’pathogenomics’’ within the last decade. The M. oryzae 
strain 70-15 was a laboratory strain and was sequenced using Sanger technology. 
Later, using more affordable next-generation sequencing technologies, Xue et al., 
(2012) published two genomes of the M. oryzae field isolates Y34 and P131, 
isolated from China and Japan, respectively. 
 
A year later, another comparative M. oryzae genome study published two other 
Chinese field isolates - FJ81278 and HN19311 (Chen et al., 2013). Recently, Gowda 
and co-researcher sequenced and published two M. oryzae field isolates (B157 and 
MG01) originally from southern India (Gowda et al., 2015). In general the genome 
size of all M. oryzae field isolates was not significantly different in size compared to 
the reference genome (70-15). Nevertheless, comparative genomics revealed novel 
isolate-specific genomic regions and isolate-specific genes present in these various 
field isolates (Xue et al., 2012; Chen et al., 2013; Gowda et al., 2015). Similar 
advancements have since been reported in many other pathogen species, including 
but not limited to: Zymoseptoria tritici (Stukenbrock et al., 2010), Aspergillus niger 
(Andersen et al., 2011) and P. nodorum (Syme, Hane, Friesen & Oliver, 2013). 
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Table 1.3: Examples of published crop fungal pathogen genomes 
Pathogen Disease Crop Sequencing Platform Reference 
Biotroph     
Ustilago maydis Corn smut Maize Sanger Kamper et al., 2006 
Blumeria graminis Powdery mildew Cereals 454 & Illumina Spanu et al., 2010 
Puccinia striiformis f. sp. tritici Stripe rust Wheat Illumina Cantu et al., 2011 
Cladosporium fulvum Leaf mould Tomato 454 de Wit et al., 2012 
Melampsora lini Rust Flax Illumina Nemri et al., 2014 
Hemibiotroph     
Magnaporthe oryzae strain 70-
15 
Rice blast Rice Sanger Dean et al., 2005 
Magnaporthe oryzae strain Y34 Rice blast Rice Sanger & 454 Xue et al., 2012 
Magnaporthe oryzae strain Y131 Rice blast Rice Sanger & 454 Xue et al., 2012 
Fusarium graminearum Head blight Cereals Sanger Cuomo et al., 2007 
Fusarium f. oxysporum sp. 
lycopersici 
Wilt Tomato Sanger Ma et al., 2010 
Fusarium verticillioides Fusarium rot Maize Sanger Ma et al., 2010 
Leptosphaeria maculans Blackleg Brassicas Sanger Rouxel et al., 2011 
Colletotrichum orbiculare Anthracnose Broader host (cucurbits etc.) 454 & Illumina Gan et al., 2013 
Colletotrichum gloeosporioides Anthracnose Broader host (papaya etc.) Illumina Gan et al., 2013 
Fusarium fujikuroi Bakanae disease Rice Illumina 
Jeong, Lee, Choi, Lee,  
& Yun, 2013 
Fusarium virguliforme Sudden death syndrome Soybean 454 Srivastava et al., 2014 
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Table 1.3: continued     
Pathogen Disease Crop Sequencing Platform Reference 
Necrotroph     
Parastagonospora nodorum Spot blotch Wheat Sanger Hane et al., 2007 
Pyrenophora teres f. teres Net blotch Barley Illumina Ellwood et al., 2010 
Sclerotinia sclerotiorum White mould Broader host (soybean, 
rapeseed etc.) 
Sanger Amselem et al., 2011 
Botrytis cinerea Grey mould Broader host (soybean, 
rapeseed etc.) 
Sanger Amselem et al., 2011 
Zymoseptoria tritici Septoria tritici blotch Wheat Sanger Goodwin et al., 2011 
Verticillium dahliae Vascular wilt Broader host (vegetables, 
ornamentals, trees) 
Sanger Klosterman et al., 
2011 
Verticillium albo-atrum Vascular wilt Broader host (vegetables, 
ornamentals, trees) 
Sanger Klosterman et al., 
2011 
Alternaria brassicicola Black spot Brassicas Sanger Cho et al., 2012 
Pyrenophora tritici-repentis Tan spot Wheat Sanger Manning et al., 2013 
Cochliobolus heterostrophus Leaf blight Corn Sanger Condon et al., 2013 
Rhizoctonia solani Bare patch  Wheat, barley and legume 
species 
Illumina Hane et al., 2014 
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The first published genome of a biotrophic fungal pathogen, Ustilago maydis, was 
in 2006 (Kamper et al., 2006). This study showed a clear indication of the 
differences between biotrophic and other plant pathogenic fungal lifestyle 
strategies (necrotroph and hemibiotroph). Low numbers of cell wall-degrading 
enzymes, cytochrome P450 monooxygenases, non-ribosomal peptide synthetases 
(NRPSs) and polyketide synthases (PKSs) were observed in the U. maydis genome.  
This was later corroborated by another biotroph genome, that of powdery mildew 
or Blumeria graminis (Spanu et al., 2010). However in contrast, de Wit et al., (2012) 
later reported that the genome of reportedly biotrophic Passalora fulva contained 
a large an amount of genes for secondary metabolite biosynthesis and degradation 
of plant cell walls as the closely related hemibiotroph Dothistroma septosporum. 
Comparative genomics analyses of these two closely related Dothidiomycetes 
species suggest that they share common ancestry but have adapted to different 
host and lifestyles. 
 
The class Dothideomycetes contains many destructive phytopathogenic species 
which infect a wide range of crops including cereals (wheat, barley, maize), forest 
trees (pine), vegetables and legumes. Due to the importance of this fungal class, 
special attention has been given to sequencing Dothideomycetes species, such as 
under the Fungal Genome program at the U.S. Department of Energy Joint Genome 
Institute (JGI) (Grigoriev et al., 2011). Such efforts have enabled the analysis of a 
wide range of Dothidomycetes fungal genomes (Ohm et al., 2012). Various aspects 
including genome structure, evolution and gene content which may influence 
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pathogenesis were analysed. The data generated from these genome analyses has 
also been used to facilitate the identification of fungal effectors (Alfano, 2009; 
Syme et al., 2013). 
 
1.5 Molecular plant pathogen interaction  
A complex interaction exists between plant and phytopathogenic microorganisms 
(bacteria, viruses, fungi, oomycetes, nematodes) involving molecular recognition 
and signaling networks (Prell and Day, 2001). Plant passive defense barriers include 
waxy cuticles, cell wall, enzymes and antimicrobial compounds (Holt III, Mackey, & 
Dangl, 2000; Jones and Takemoto, 2004; Chisholm, Coaker, Day, & Staskawicz, 
2006). 
 
In order to survive the invading pathogen, the plant will induce active innate 
immunity responses. This responses occur on two levels (Jones and Dangl, 2006; 
Chisholm et al., 2006; Dodds and Rathjen, 2010). The first level is recognition of 
pathogen elicitors known as pathogen- or microbe associated molecular patterns 
(PAMPs) or (MAMPs) by the host's membrane-localised pattern recognition 
receptors (PRRs) (Zipfel, 2014). The PRRs recognition leads to activation of the 
basal immune system called PAMP-triggered immunity (PTI) (Jones and Dangl, 
2006).  Most identified plant PRRs are either receptor-like kinases (RLK) or 
receptor-like protein (RLP) families (Macho and Zipfel, 2014). Apart from PAMPs 
and MAMPs, evidence indicates plant-derived molecules during the infection 
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process called damage associated molecular patterns (DAMPs) can also activate PTI 
(Boller and Felix, 2009; De Lorenzo, Brutus, Savatin, Sicilia, & Cervone, 2011; Ferrari 
et al., 2013). In addition, recent studies suggest some effectors may act as PAMPs 
and activate PTI (Dou and Zhou, 2012). Böhm and co-researchers (2014) identified 
an immunogenic pattern consisting of only 20 amino acid residues (nlp20) that 
triggers plant defenses via PRRs. 
 
The second level of the plant immune system involves the direct and indirect 
recognition of microbial specific effectors by plant resistance (R) proteins (Jones 
and Dangl, 2006). This recognition activates strong and rapid defense responses 
referred to as effector triggered immunity (ETI), causing hypersensitive cell death 
response (HR) to the host cell (Jones and Dangl, 2006). Moreover, effector 
recognition also activates other responses including ion fluxes, production of 
reactive oxygen species (ROS) and antimicrobials (Jones and Dangl, 2006). Most of 
the plant R genes encode proteins containing nucleotide‐binding (NB) and leucine‐
rich repeat (LRR) domains (Dangl and Jones, 2001).  
 
Together, both PTI and ETI provide a cycle of defense to reduce pathogen fitness 
and kill pathogens. In comparison with PTI, responses in ETI are faster and more 
robust (Tsuda and Katagiri, 2010). The evolutionary arms race of innate immunity 
between PTI, effector-triggered susceptibility (ETS) and ETI was explained in a 
conceptual zigzag model (Jones and Dangl, 2006).  Overall, the model explains four 
 49 
distinct phases involved in the plant immune system. However, recent findings 
suggest that there are more complex and overlapping responses between PTI and 
ETI, rather than a distinct zigzag model (Thomma, Nürnberger, & Joosten, 2011; 
Prichart and Birch, 2014). 
 
The direct recognition by plant NB-LRR proteins of the pathogen effectors can be 
explained by specific physical binding of the effector to the receptor (Dodds and 
Rathjen, 2010). Several reports of direct recognition have been identified in plant 
species such as in rice Pi-Ta - AvrPita (Jia, McAdams, Bryan, Hershey & Valent, 
2000), RGA4/RGA5-AVR - Pia/AVR1-CO39 (Cesari et al., 2013), Pi54of - Avr-Pi54 
(Devanna, Vijayan & Sharma, 2014); Arabidopsis RRS1-R - PopP2 (Deslandes et al., 
2003) and flax M - AvrM (Catanzariti et al., 2010). 
 
In general, indirect plant NB-LRR protein recognition occurs when the NB-LRR 
responds to modifications of another plant protein induced by the effector protein 
(Dangl and Jones, 2001; van der Hoorn and Kamoun, 2008; Spoel and Dong, 2012). 
Indirect recognition has been described in several hypotheses known as the guard 
and decoy model (Dangl and Jones, 2001; van der Hoorn and Kamoun, 2008).  The 
guard model proposed by Dangl and Jones (2001) implies that the plant NB-LRR 
protein recognises presence of the pathogen effector by modifying the target of 
the corresponding effector. Once the effector modifies the ‘guardee’ (guarded 
effector target), the R- protein sense the modification and triggers a hypersensitive 
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response (HR). The guard model also suggests that a single R-protein could 
recognize multiple pathogen effectors and the guardee is indispensable for the 
effectors virulence function when the R-protein is lacking (Dangl and Jones, 2001).  
 
In contrast to the guard model, van der Hoorn and Kamoun (2008) proposed the 
decoy model. This model suggests that some effector targets act as a decoy to 
supress the pathogen recognition event. However, without the R-protein, decoy 
proteins provide no benefit to the pathogen fitness. Recently, Cesari, Bernoux, 
Moncuquet, Kroj, & Dodds, (2014) proposed a new model called the 'integrated 
decoy model' which is based on the discovery of plant NB-LRR protein pairs (Eitas 
and Dangl, 2010). This model explains the effector target (decoy) was duplicated 
and fused to one of the pair of NB-LRR proteins. Thus, this decoy-NB-LRR complex 
allows direct recognition of the effector protein and activation of defense signaling 
by the second NB-LRR protein. 
 
1.5.1 Fungal pathogen effectors 
Effectors are molecules that manipulate host cell structure and function, thereby 
facilitating infection (virulence factors or toxins) and/or triggering defence 
responses (avirulence factors or elicitors) (Kamoun, 2006). Effectors generally 
introduce secreted proteins from fungal pathogens into the host plant apoplast and 
deliver them into host cells where they may act to suppress defence responses or 
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alter the host’s metabolism (Ellis, Rafiqi, Gan, Chakrabarti, & Dodds, 2009; Kamoun, 
2009; Panstruga and Dodds, 2009).  
 
Biotrophic effectors can be delivered into the host cells through a specialized 
infection structure called haustorium (Rafiqi et al., 2010).  For instance, flax rust 
Melampsora lini secretes AvrM and Avr567 which can translocate across the 
plasma membrane in the absence of the pathogen. Biotrophic pathogens induce 
the plant’s ETI response through R-protein-mediated recognition and frequently 
result in localised plant cell death, also known as the hypersensitivity response 
(HR). This event is followed by a gene-for-gene interaction (Dangl and Jones, 2001). 
 
Conversely, effectors secreted by necrotrophic fungi can activate R-protein-
mediated ETI to cause HR cell death, which leads to effector-triggered susceptibility 
(ETS). This is the case for the cyclic peptide Victorin, secreted by Cochliobolus 
victoriae, and Tox A, secreted by P. nodorum and Pyrenophora tritici-repentis 
(Friesen, Faris, Solomon, & Oliver, 2008). This mechanism has been termed an 
‘inverse gene-for-gene’ interaction (Friesen et al., 2008; Faris et al., 2010). 
 
Necrotrophic effectors are diverse, including phytotoxins and proteinaceous 
effectors. Phytotoxins can be either non-host selective toxins (non-HSTs) that affect 
a broad range of plant species, or HSTs that affect only a particular plant species or 
more often the genotypes of that species (Wang, Jiang, Liu, Liu, & Wang, 2014). 
Based on their chemical structure, phytotoxins are commonly classified as 
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polyketides, nonribosomal peptides, alkaloids, terpenes or metabolites of mixed 
biosynthetic origin. So far, the protein effectors found in necrotrophs have not 
manifested a conserved domain like the RXLR, LFLAK, and CHXC motif in oomycetes 
(Jiang, Tripathy, Govers &, 2008; Win et al., 2012). 
 
An increasing understanding of pathogen effectors has been facilitated by 
revelations of the precise biochemical activities of bacterial effectors, the discovery 
of extended effectors in fungi, oomycetes and nematodes, and through robust 
computational genome data analysis (Hogenhout, Van der Hoorn, Terauchi, & 
Kamoun, 2009). High-throughput NGS has identified hundreds of proteins that are 
secreted by biotrophic (including hemibiotrophic) (Yoshida et al., 2009; Dodds and 
Rathjen, 2010; Spanu et al., 2010; Duplessis et al., 2011) and necrotrophic 
pathogens (Lévesque et al., 2010; Guyon Balagué, Roby, & Raffaele, 2014). Pais et 
al., (2013) have emphasised the need for a genome sequence database and gene 
expression data such as microarrays and RNA-seq in order to expand the repertoire 
of known effectors.  
 
The major challenge for the future is to assign biological functions to the large 
number of putative effectors identified in the genomes. Typically effectors have 
been identified based on the presence of signal peptides and the absence of 
transmembrane domains; this has resulted in the prediction of catalogues that may 
contain hundreds of potential effectors for individual pathogens (de Jonge, Bolton, 
& Thomma, 2011). Nevertheless, it is hoped that the rapid development of genomic 
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tools and advanced microscopic techniques for studies of protein localisations and 
interactions will facilitate future investigations into the roles of pathogen effectors 
in host colonisation by plant pathogens (Koeck, Hardham, & Dodds, 2011). In 
addition, Oliver (2012) recommended resequencing of multiple isolates or related 
species to capture the variation within a population, as already presented in the P. 
nodorum genome (Syme et al., 2013).  
 
1.6 Research aim 
Ascochyta rabiei is an important necrotrophic fungal pathogen that acts to limit the 
production of chickpea worldwide. The main aim of this research project was to 
investigate the genetic aspect of the A. rabiei-chickpea interaction, which involves 
necrotrophic effectors. Therefore, in order to achieve this, the genome sequence of 
A. rabiei was obtained. The analysis of the genome assembly and its validation 
(Chapter 3) were pursued. The data obtained led to the identification of potential 
pathogenicity-related genes (Chapter 4) and the prediction of secreted 
necrotrophic effectors (Chapter 5). The characterisation of A. rabiei culture filtrates 
 is also described (Chapter 5).
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CHAPTER 2: GENERAL MATERIALS 
AND METHODS 
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This chapter explains the overall materials and methods employed in this study. 
The detailed experimental process and analysis are described in each following 
chapter. 
 
2.1 Ascochyta rabiei isolate ME14 
Isolate of ME14 was collected by Dr Theo Pfaff from Medina Field Station in 2005 
and maintained as glycerol stock in –80 °C. The isolate was routinely grown on ½ 
potato dextrose agar (PDA) media at 24 °C with a 12-hour cycle of darkness. 
 
2.2 Fungal single spore process 
The ME14 isolate was single-spore, from a ½ PDA plate. A single spore was picked 
from a clean single-spore plate and transferred onto a new PDA plate. A sterile 
needle was used to contact the end-tip of the culture so that it could be inoculated 
into 1 ml of ultrapure Milli-Q water; 10-fold serial dilutions were next performed 
and inoculated into duplicate PDA plates. The plates were placed in a 12-hour dark: 
12-hour near-UV light cycle at 24 °C, and evaluated daily to check for 
contamination. Plates were left to grow for 2 weeks, at which point plates showing 
pycnidia were collected by flooding the plate with 10 ml sterile Milli-Q water and 
left to stand for 10 mins. Approximately 10 ml of sterile Milli-Q water was flooded 
onto a plate and left to stand for 10 min. Fungal mycelia were scraped to release 
their spores, which were filtered through a glass wool syringe into a 50 ml Falcon 
tube. The tube was centrifuged to discard the supernatant materials. Next, 10 ml of  
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sterile Milli-Q water was added to create a spore suspension. Spores were 
calculated using a haemocytometer and diluted to 2 X 106 spores per ml. Finally, 
50% of glycerol was added to the spore suspension and the mixture was then 
aliquoted into 1 ml Eppendorf tubes to a final concentration of 1 X 106 per ml. 
Single-spore stocks of each isolate were kept in a –80 °C freezer.  
 
2.3 Chickpea varieties 
Chickpea varieties used in this study were supplied by the Department of 
Agriculture and Food, Western Australia (DAFWA). A total of 6 chickpea varieties 
were included in the study (Sona, Amethyst, Jimbour, Heera, Almaz and Moti). The 
disease rating for each variety against Ascochyta blight adopted by this study 
followed the national disease ratings recorded for chickpea varieties in Australian 
Pulse Bulletin (2008). 
 
2.4 Growth conditions  
Chickpea seeds were pre-germinated on filter paper in a 25 mm petri dish and 
wetted with sterile deionised water. Seeds were left standing on the lab bench at 
room temperature for 48–72 hours. The germinated seeds were planted in sterile 
potting mix in 10 cm pots and watered regularly. The pots were placed in the 
temperature-controlled glasshouse at 20–25 °C until further use.  
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2.5 DNA extraction 
DNA extraction was carried out using Biosprint 15 (Qiagen). Sample tissues were 
frozen in liquid nitrogen and ground using a Retsch MM301 tissue lyser prior to 
DNA extraction. Buffer was added to the ground samples and centrifuged to spin 
down unwanted materials. The resulting lysate was transferred into a tube which 
had been prepared in advance, containing several solutions for DNA extraction, 
applied according to the manufacturers’ instructions. The DNA was resuspended in 
10 mM Tris-Cl (pH 8.0) and centrifuged at 15,000 g speed for 5 min to remove 
MagAttract Suspension G (Qiagen). The DNA was kept in –20 °C until further use. 
 
2.6 DNA concentration  
An ND-1000 spectrophotometer (NanoDrop Technologies Inc., DE, USA) was used, 
at wavelengths of 260 and 280 nm to measure DNA quantity and quality. A 
concentration reading was taken from 2 μl of sample loaded into the platform. 
DNA concentration was recorded in ng/µl.  
 
2.7 PCR amplification 
Amplification of DNA was performed in a DNA Engine Tetrad 2 Peltier Thermal 
Cycler (MJ, Research) under variable conditions, and then programmed according 
to the requirements of the exact experiment.  
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2.8 Electrophoresis 
The amplified products were separated using horizontal electrophoresis equipment 
(BioRad). Briefly, 1.5–2.0% w/v agarose gel (Bioline) in 1 X TBE buffer was mixed 
with SYBR Safe DNA gel stain (3µl/100ml). The gel was cast and run using 1 X TBE 
electrophoresis buffer. The PCR products were mixed with 1 X Blue/Orange Dye 
(Promega) prior to loading into the gel. HyperLadder 1 kb ladder (Bioline) was used 
as a marker. Photographs were visualised using the Gel Documentation 1000 
system (Bio-Rad). 
 
2.9 Cleaning up the PCR product and sequencing 
The PCR products were cleaned up by using the UltraClean TM PCR clean-up TM kit 
(Mo Bio- Laboratories, Inc. CA, USA) to remove any excess PCR reaction. Clean DNA 
was used as template in the sequencing reaction consisting of BigDye Terminator 
v3.1 Cycle Sequencing Kit Ready Reaction Mix, 5 X sequencing buffer and 1.6 µM 
selected primers (both pairs). The PCR was performed in a 10 μl reaction volume in 
DNA Engine Tetrad 2 peltier Thermal Cycler (MJ, research) as follows:  96 °C 
denaturation temperature for 2 min, and 25 cycles of 96 °C for 10 s; 52 °C annealing 
temperature for 5 s; 60 °C of elongation temperature for 4 min. Purification was 
carried out after adding 125 mM EDTA, 3 M sodium acetate pH 4.6, and 100% 
ethanol. Each sample was then submitted to run on an AB Prism 3730 DNA 
sequencer at the State Agricultural Biotechnology Centre (SABC) (Murdoch 
University, WA).  
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2.10 DNA sequencing of PCR products 
DNA sequencing was carried out using an ABI Prism 377 Sequencer (Perkin Elmer) 
at the SABC. A sequencing mixture was prepared in 10 μl reactions, consisting of 1 
μl 1.6 µM of M13 primer; 2 μl PCR sequencing buffer; 1 μl 5 X BigDye sequencing 
buffer; 1 μl primer (1.6 ppm); 3 μl of DNA (50–100 ng), and 3 μl of sterile water. 
The PCR conditions were carried out in 25 cycles consisting of the initial step at 96 
°C for 10 sec; 96 °C for 10 sec (denaturation); 52 °C for 5 sec (annealing), and 60 °C 
for 4 min (extension). To remove the residual unincorporated dyes, 
ethanol/EDTA/sodium acetate precipitation was carried out. The PCR product was 
mixed with 1 μl 125 mM EDTA, 1 μl 3 M sodium acetate (pH 5.2) and 25 μl 100% 
ethanol. The mixture was left to stand for 20 min and then centrifuged at 10,000 g 
for 30 min. The supernatant was removed and air dried for 10 min. Next, the 
resulting DNA pellet was washed with 125 µl 70% ethanol and centrifuged at 10, 
000 g for 5 min. The supernatant was removed completely and air-dried for 20 min 
to avoid any interference in the sequencing. The tubes were sealed in the 
aluminum foil and kept in a –15 °C freezer until further analysis. 
 
2.11 SDS-PAGE analysis 
 
Protein samples were examined using SDS-PAGE analysis. SDS-PAGE was 
performed in a discontinuous system using 4% stacking, 16.5% resolving 
acrylamide/bisacrylamide gel (Schagger, 2006). Electrophoresis was performed 
with a PROTEAN II XL Cell BioRad system. The gel was run at 80 V for 10 min 
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followed by 120 V until the bromophenol blue dye front reached the end of the gel. 
Once it finished, the gel was soaked in the fixing solution for 3 hours. The gel was 
stained overnight in the colloidal Coomasie G250 (Neuhoff, Arold, Taube, & 
Ehrhardt, 1988).  The gel was washed several times in destaining solution (0.05% 
(v/v) phosphoric acid) until clear background was obtained. Gel images were 
captured using ProExpress scanner (Perkin-Elmer). 
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2.12 Media preparation 
For the preparation of media, Milli-Q water was used, unless otherwise stated, and 
autoclaved at 121 °C, 15 psi for 20 min. 
 
Media Ingredients 
½ PDA agar plate 19.5 g  PDA  
7.5 g    Agar (Grade A) 
Add Milli-Q water up to 1 L 
Tap-water agar plate 15 g  Agar 
Add  Tap water up to 1 L 
Minimal media 1 g dipotassium hydrogen phosphate 
2 g sodium nitrate 
1 X trace solution 
15 g agar 
Adjust to pH 6.0 with HCl 
Add water up to 1 L 
Fries 3 liquid media 5 g   Ammonium tartrate 
1 g    Ammonium nitrate 
0.5 g Magnesium sulphate 
1.3 g Potassium phosphate (KH2PO4) 
2.6 g Potassium phosphate (K2HPO4) 
30 g  Sucrose 
1 g    Yeast extract 
2 ml  Trace element stock solution 
Add water up to 1 L 
 
Fries 3 trace element stock 
solution 
167 mg Lithium chloride 
227 mg  Copper (II) sulphate pentahydrate 
34 mg Molybdic acid 
72 mg Manganese (II) chloride tetrahydrate 
80 mg Cobalt (II) chloride tetrahydrate 
Add water up to 1 L 
Media were aliquoted into 60 ml or 100 ml portions 
in Erlenmeyer flasks before autoclaving. 
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2.12 General solutions 
Solution Ingredients 
10% SDS 
 
 
Dissolve 1 g SDS in water with gentle stirring and 
bring to 10 ml with deionised water. 
10% APS Dissolve 1 g Ammonium persulfate in 10 ml 
deionised water. 
 
2 X Tricine sample buffer 0.1 M 4 X Tris-HCl, pH 6.8 (0.5 M)  
24% (w/v) glycerol  
8% SDS  
0.2 M DTT  
0.02% (w/v) Coomassie Brilliant Blue G-250  
Water. 
 
4 X Tris-HCl/SDS pH 6.8 0.5 M Tris 
0.4% (w/v) SDS. 
 
Coomassie G250 staining 
solution 
17% (w/v) ammonium sulphate 
0.1% (w/v) Coomassie G250 
3 % (v/v) phosphoric acid 
34% (v/v) methanol 
 
Destaining solution 0.05%  (v/v) phosphoric acid 
 
Fixing solution 
 
40% (w/v) methanol  
10% (w/v) acetic acid 
 
10 X Tris/tricine running 
buffer 
1 M Tris 
1 M Tricine 
1% SDS. 
 
16.5% Acrylamide tricine 
gel 
3 M Tris-HCl/SDS, pH 8.45 
40% acrylamide (37.5: 1) 
Glycerol 
10% (w/v) APS 
10% (w/v) SDS 
Tetramethylethylenediamine  (TEMED) 
1 X TAE buffer 
 
 
20 mM Tris  
10 mM Glacial acetic acid 
1 mM EDTA. 
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CHAPTER 3: ANALYSIS OF THE 
ASCOCHYTA RABIEI GENOME 
ASSEMBLY 
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3.1 Introduction 
Recent advances in sequencing technologies have opened up a broad range of 
opportunities in whole-genome evaluation. Genome sequencing, dominated by the 
Sanger technology, contributed greatly to the understanding of genome 
organisation and the function of many microorganisms (Kyrpides, 2009). The first 
eukaryotic genome published was the yeast Saccharomyces cerevisiae (Goffeau et 
al., 1996). Almost a decade later, the first fungal pathogens of crops were 
published: Magnaporthe oryzae (rice blast) (Dean et al., 2005) and Ustilago maydis 
(corn smut) (Kamper et al., 2006).  
 
The Dothideomycetes is the largest class of ascomycete fungi (Kirk, Cannon, 
Minter, & Stalpers, 2008). Pleosporales is an important order (Zhang et al., 2009) in 
this class that contains most of the species known to produce crop disease 
involving necrotrophic effectors. Ascochyta rabiei and other species that cause 
Ascochyta blight in legumes, belong to the Pleosporales order (Figure 3.1) (Peever 
et al., 2007). Parastagonospora nodorum (syn. Phaeosphaeria nodorum), a 
pathogen of wheat, was the first published genome sequence from the 
Dothideomycetes (Hane et al., 2007). This was followed by other species: 
Pyrenophora teres f. teres (Ellwood et al., 2010), Leptosphaeria maculans (Rouxel et 
al., 2011), Mycosphaerella graminicola (Goodwin et al., 2011) syn. Septoria tritici 
(now Zymoseptoria tritici) and Cochliobolus heterostrophus (Condon et al., 2013) . 
All the above genomes except Pyrenophora teres f. teres was sequenced using 
Sanger sequencing technology. 
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Figure 3.1: Phylogeny of selected fungal species (adapted from Peever et al., 2007). 
The genomes of species highlighted in red have been sequenced using Sanger or 
Illumina technology. 
 
 
Image has been removed because of copyright restriction 
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The emergence of NGS techniques such as Solexa (Illumina) and Roche 454 
sequencing technologies that offer considerably reduced cost and time (Shendure 
and Ji, 2008) has facilitated the genome analysis of other species such as 
Pyrenophora teres f. teres (Ellwood et al., 2010) (Figure 3.1). The wealth of genomic 
data, especially related to fungal species in the Pleosporales order, provides the 
resources necessary for better understanding of plant pathogen interactions 
through comparative genome analysis (Hane, Williams, & Oliver, 2011). 
 
There is very limited genomic information available for A. rabiei. The published 
information is limited to SSR (Geistlinger, Weising, Winter, & Kahl, 2000), the 
mating type locus (Barve et al., 2003) and 128 published ESTs (Singh et al., 2012). In 
addition, two genetic linkage maps have been reported, using various genetic 
markers and the mating type gene. The first genetic map was constructed using 
SSRs and RAPD markers (Lichtenzveig et al., 2002) followed by a map that included 
the mating type locus (Phan et al., 2003).  
 
This chapter describes the assembled genome sequence of A. rabiei. The aims of 
this study were: a) to evaluate the overall genome structure, b) to predict A. rabiei 
genes, and c) to validate the gene prediction models. Furthermore, the genome 
sequence provides the template for prediction of pathogenicity-related genes in 
Chapter 4, for identification of necrosis- inducing proteins and the analysis of 
secreted proteins described in Chapter 5.  
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3.2 Materials and Methods 
3.2.1 Fungal isolate and DNA preparation 
The reference isolate, ME14, was collected by Dr Theo Pfaff in 2005 at Medina 
Research Station, Western Australia. The isolate was maintained as glycerol stock. 
For DNA extraction, ME14 was grown in potato dextrose liquid media. 
Approximately 106 spores were inoculated into 250 ml Erlenmeyer flasks containing 
100 ml of media. The cultures were incubated on an orbital shaker at 100–150 rpm 
for 3 days. Mycelia were harvested by filtration through sterile milk filter and the 
supernatant was discarded. Mycelia were immersed in liquid nitrogen and ground 
using mortar and pestle. Crushed mycelia were then homogenised in a preheated 
CTAB extraction buffer (2% (w/v) CTAB, 1.4 M NaCl, 0.2% (v/v) β-mercaptoethanol, 
20 mM EDTA and 100 mM Tris-HCl, pH 8.0), and incubated at 60 °C for one hour. 
Chloroform-isoamylalcohol (24:1) was then added to the tube, mixed gently and 
centrifuged for 20 min at 12,000 g. The supernatant was transferred into a new 
tube and RNase (20 µg/ml) was added. The tube was then incubated for 30 min at 
37 °C.  
 
Chloroform-isoamylalcohol extraction was repeated and the DNA was precipitated 
using 3 M sodium acetate and isopropanol. The tube was kept in –20 °C for one 
hour and the DNA was pelleted by centrifugation at 12,000 g for 10 min. The pellet 
was washed with 70% ethanol and air-dried for 10 min. The DNA was resuspended 
in TE buffer and subjected to agarose electrophoresis; its concentration was then 
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quantified using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, USA). A 
good DNA quality should appear as clear and thick band, no degradation (smeared 
product) and free from other contaminant like RNA in the gel. Quality of DNA by 
the ratio of absorbance 260 nm and 280 nm should be in the range of 1.8 - 2.0. 
Second measurement was the ratio of absorbance 260 nm and 230 nm. A reading 
for the pure genomic DNA samples is between 2.0 and 2.4. Approximately 10 µg of 
good quality DNA was prepared for the sequencing project. 
 
3.2.2 Genome sequencing  
Sequencing of fungal DNA was performed at the Allan Wilson Genome Centre 
(Massey University, Palmerston North, New Zealand) using  an Illumina Genome 
Analyzer (Illumina Inc., CA, USA). Library preparations followed the manufacturer’s 
recommendations. An approximately 200 bp insert was prepared to construct the 
libraries. The paired-end module generated reads 75 bp length. Raw reads were 
passed through the Illumina Pipeline version 1.4 and IPAR version 1.3 for quality 
filtering. This software was applied according to standard parameters for Illumina 
reads. Reads that did not pass the Illumina ‘chastity’ or purity filter (<0.6) were 
discarded.  
 
3.2.3  Genome assembly  
Most of the bioinformatic analyses in this study were performed using the iVEC 
advanced computing facilities in Western Australia (Kensington, WA) and custom 
Perl scripts (courtesy of Dr James K. Hane and Mr Rob Syme). The ABySS (assembly 
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by short sequences) (Pevzner et al., 2001) version 1.0–14 sequence assembler was 
used to generate scaffolds using the paired-end reads. At the first stage of ABySS 
assembly, incorrect vertices or edges due to sequencing errors were removed and 
initial contigs (or contiguous consensus sequences) were developed. ABySS also 
eliminated low-quality reads that did not comply with the assembly process. 
Paired-end sequences were matched in the second stages as the reads aligned to 
initial contigs to create a set of linked contigs. Finally, the process of stitching the 
contigs together was performed to create scaffolds. Several k-mer lengths were 
tested to optimise L50. L50 is the length of the shortest scaffold among the largest 
scaffolds seen within the group of scaffolds that collectively covers 50% of the 
assembly; N50 on the other hand is the minimum number of scaffolds required to 
represent that 50% of the assembly.    
 
3.2.4  Genome annotation and analysis 
Predicted gene models were generated using GeneMark-ES version 3 (Ter-
Hovhannisyan, Lomsadze, Chernoff, & Borodovsky,  2008), a self-training algorithm 
based on hidden Markov models (HMMs). Using GetOrf (EMBOSS) (Rice et al., 
2000), ORF were duly generated for the assembly. 
 
Sequence identities were determined using BLAST tools (N, P, and X) (basic local 
alignment search tool) (Altschul et al., 1997) with the e-value cutoff of 1e-05 (unless 
stated otherwise), according to the GeneBank non-redundant (NR) protein 
database at the National Center for Biotechnology Information (NCBI), USA. BLAST 
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searches were performed in September, 2010. The search was repeated over 
several attempts determined by the type of analysis adopted. The same procedure 
also applied to fungal genome resources available from genomes held by the Joint 
Genome Institute (JGI), USA, as well as in-house ACNFP genome sequences (Table 
3.1). Putative domains of the genes were identified by Pfam analysis (protein family 
database) (Finn et al., 2010) in order to search for similarity with other predicted 
proteins.  
 
Blast2GO (Conesa et al., 2005; Gotz et al., 2008)  was used to produce functional 
annotation as it integrates the various predictions afforded through gene ontology 
(GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) mapping, InterPro and 
enzyme codes. Protein localisation was predicted using WoLF PSORT (Horton et al., 
2007) and secretion signals were determined by SignalP (Bendtsen, Nielsen, von 
Heijne, & Brunak, 2004; Emanuelsson, Brunak, von Heijne, & Nielsen, 2007) 
software. ClustalW (Larkin et al., 2007) was used to perform multiple alignments of 
sequences. Visualisation of genome sequences was carried out using the 
GenomeView browser (Abeel et al., 2011). 
 
RepeatScout (Price et al., 2005) was used to mask and compile repeat sequences in 
the genome assembly. De novo repeats were mapped onto the genome assembly 
with RepeatMasker (Smit et al., 2010). Repeat sequences were searched against 
the Repbase (Jurka et al., 2005) reference repeats collection using Censor web 
online software (Jurka, Klonowski, Dagman, & Pelton, 1996) available at the 
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Genetic Information Research Institute (GIRI) website (http://www.girinst.org) 
(Kohany, Gentles, Hankus, & Jurka, 2006).  
 
Table 3.1: Fungal species used in bioinformatic analysis 
 
Species/ isolate Sequencing/ 
Institution 
Reference 
Parastagonospora 
nodorum SN15 
Sanger/ 
Broad Institute 
Hane et al., (2007) 
Pyrenophora tritici-
repentis  
Pt-1C-BFP 
Sanger/ 
Broad Institute 
http://www.broadinstitute.org/annota
tion/genome/pyrenophora_tritici-
repentis.3 
Pyrenophora teres 
f. teres 0-1 
Illumina/ACNFP Ellwood et al., (2010) 
Leptosphaeria 
maculans V23.1.3 
Sanger/URGI Rouxel et al., (2011) 
Didymella pinodes 
M07-4 
Illumina/ACNFP Kessie et al., ACNFP: Unpublished 
Phoma medicaginis 
var. medicaginis 
OMT5 
Illumina/ACNFP Williams et al., ACNFP: Unpublished. 
 
 
3.2.5 EST library 
The cDNA library was prepared from mycelia grown in yeast glucose broth (YGB) 
liquid medium. Fresh spores (1 X 106) were inoculated into the flask containing 150 
ml YGB media. The flasks were maintained in an orbital shaker at 120 rpm, 20 °C, 
for 4 days, in the dark. The mycelia were collected and washed with sterile distilled 
water to remove the excess medium. The mycelia were then snap-frozen in liquid 
nitrogen and stored at –80 °C. Total RNA extraction was performed using the TRIzol 
(Invitrogen, NY, USA) method, according to the manufacturer’s recommendations. 
The Ambion DNase treatment kit (Invitrogen, NY, USA) was used to clean the RNA. 
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The Creator SMART cDNA Library Construction kit (Clontech Lab. Inc., CA, USA) was 
used to generate the library, using the plasmid pDNR-LIB vector. Recombinant 
plasmids were transformed into Escherichia coli competent cells (MegaX DH10B T1, 
Invitrogen, NY, USA) by electroporation using the Bio-Rad system. The mixture was 
spread on lysogeny broth (LB) agar plates containing 30 μg/ml of chloramphenicol. 
Single colonies were picked for sequence analysis.  
 
PCR reactions were performed in a 25 μl total-volume medium consisting of  50 X 
Advantage 2 Polymerase Mix (Clontech Lab. Inc., CA, USA) (1.1 μg/μl of Taq StartTM 
Antibody,  50% Glycerol, 15 mM Tris-HCl, 75 mM KCl and 0.05 mM EDTA); 10 X 
Advantage 2 PCR buffer (400 mM Tricine KOH, 150 mM KOAc, 35 mM Mg(OAc)2, 
37.5 μg/ml BSA, 0.05% Tween 20, and 0.05% Nonidet-P40); 10 mM each of dNTP; 
10  μM forward and reverse primer, and sterile water to make up the total volume. 
The PCR amplification was carried out in an Eppendorf Thermal Cycler programmed 
as follows: an initial denaturation of 30 sec at 94 °C, 35 cycles of 94 °C (30 sec) and 
68 °C (3 min). Final extension was at 68 °C (5 min) before termination of the PCR at 
10 °C. Universal primer M13 was used in PCR amplification and DNA sequencing 
was listed in Appendix A. PCR products were separated electrophoretically on 1.5 % 
agarose gels. Clones with a single amplicon were cleaned using UltraCleanTM PCR 
Clean-up (Mo Bio Lab. Inc.). 
 
3.2.6 Clone DNA sequencing 
See Chapter 2, section 2.10, DNA sequencing of PCR product. 
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3.2.7 EST analysis 
Sequences emerging from clone sequencing were subjected to filtering analysis 
using SeqClean (http://www.tigr.org/tdb/tgi/software), ensuring that any vector 
contamination and low-quality sequences (polyA’s) were removed. Any short 
sequences (less than 100 bp) were discarded from the analysis. The remaining 
sequences were clustered using the CAP3 sequence assembly program (Huang and 
Madan, 1999). This analysis resulted in contig and ‘singleton’ (scaffolds and contigs 
that comprise only a single read or read pair) sequences. The alignment of the ESTs 
to genome sequences was conducted using BLAST-like alignment tool (BLAT) 
software (Kent, 2002). Both the CAP3 and the BLAT analysis were run on a stand-
alone program using default parameters. The BLAT alignment was saved as a GFF3 
file and viewed using GenomeView (Abeel et al., 2011) 
 
3.2.8 Proteomic analysis 
Intracellular and extracellular proteins of ME14 were subjected to 
multidimensional liquid chromatography with tandem mass spectrometry analysis 
(MS/MS). Extracellular proteins were extracted from 4-week-old culture in liquid 
Fries medium. The supernatant was separated from the mycelia by filtering 
through filter paper and a 0.45 µm syringe filter. The supernatant was desalted 
using a PD-10 column. For intracellular proteins, mycelia grown in minimal media 
with 25 mM glucose (pH 6.0) were extracted. Approximately 1 X 106 of fresh spores 
was added into 100 ml of sterile liquid minimal media. Flasks were shaken at 180 
rpm and kept in the dark at 24 °C for 3 days. Protein concentration was analysed 
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using the bicinchoninic acid (BCA) protein assay method (Walker, 2002). The 
protein samples were loaded onto a 16.5% Tris-Tricine gel to check the quality. The 
protein samples were submitted to Proteomics International for 2D LC-MS/MS 
analysis. The proteogenomic workflow for mapping peptides to genome assembly 
sequences then followed the methods described in Bringans et al. (2009). 
 
3.3 Results 
3.3.1 Sequencing data 
The raw sequence data derived from A. rabiei isolate ME14 consisted of 75 bp 
paired-end sequence reads, with an average insert size of 240 bp, produced using 
the Genome Analyzer IIx (GAIIx) system (Illumina, San Diego). A total of 1.75 Gb 
paired-end reads (22,730,336 reads) were generated in a single-flow cell run. Raw 
sequence reads were equivalent to about 825 Mbp in total length. Assuming the 
complete sequence data set is informative and the A. rabiei average genome size is 
35 Mb/Mbp as estimated by electrophoresis (Akamatsu, Chilvers, Kaiser, & Peever, 
2012), the estimated genome sequence coverage was approximately 20X. 
 
3.3.2 De novo genome assembly 
ABySS (Simpson et al., 2009) (version 1.0.14) was used to assemble the reads into a 
draft genome assembly sequence.  The first step of the ABySS assembly process 
was to optimise the k-mer length parameter. A k-mer length of 49 bp yielded the 
highest L50 compared to other k-mer lengths (Table 3.2). Initial analysis of the 
 
 
75 
genome assembly yielded 63,590 scaffolds in the range of 49 to 12,702 bp length. A 
total of 52,612 of these scaffolds were less than 200 bp in length, which was 
equivalent to approximately 3.1 Mbp of data. These were excluded from the final 
assembly as they were likely to contain errors and would not be accepted by NCBI 
for whole-genome submission. The final assembly spanned a total of 34.34 Mbp 
within 10,978 scaffolds. The L50 scaffold length was 22,775 bp, where the 443 
longest scaffolds were at least this long and covered 50% of the total assembly 
length. Scaffolds present in the final assembly ranged from 200–121,702 bp in 
length (Figure 4.2). Nearly 75% of these scaffolds were less than 1 kb in length and 
2,759 scaffolds were longer than 1 kb. The G:C percentage of the final genome 
assembly was 52%. 
 
 
Table 3.2:  Characterisation of assembly for A. rabiei sequencing data using various 
k-mer sizes in ABySS  
 
 
 
 
 
 
k-
mer 
No of 
scaffolds N50 L50 (bp) 
Max. length 
(bp) 
Assembly length 
(Mb) 
40 146,218 635 16,297 157,486 40.96 
43 111,531 585 18,144 157,522 39.88 
45 90,842 556 19,027 183,311 39.03 
47 79,154 541 19,133 163,143 38.56 
49 63,590 525 19,955 121,702 37.83 
52 44,841 562 18,066 106,271 36.69 
55 35,391 705 13,532 92,191 35.75 
58 30,640 1050 9,114 62,829 34.85 
60 33,314 1718 5,411 45,531 34.26 
The optimum k-mer value (49) is highlighted in bold text. 
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Figure 3.2: Distribution of length of A. rabiei scaffolds in the genome assembly. The 
black star indicates the range in which the L50 value is located. Number of scaffolds 
is plotted on a logarithmic scale. 
 
 
3.3.2.1 Mitochondrial genome 
The ABySS assembler was not optimised for the assembly of mitochondrial genome 
sequences (Simpson et al., 2009). Hence a comparison with the mitochondrial 
genome of P. nodorum was performed. BLASTN searches between A. rabiei 
scaffolds and the P. nodorum mitochondrial genome resulted in 14 matching A. 
rabiei scaffolds (Figure 3.3). These scaffolds varied in size from 262 bp to 20,954 bp. 
The total length of these 14 A.rabiei putative mitochondrial scaffolds was 51,507 
bp and had a combined G:C content of 29.6%. A comparison of the 19 protein-
coding genes and 2 ribosomal RNA genes annotated in the P. nodorum 
mitochondrial genome by BLASTX revealed that all except the ORF2 gene were 
1
10
100
1000
10000
N
o
 o
f 
sc
af
fo
ld
s 
Scaffold length(bp) 
 
 
77 
present in the A. rabiei mitochondrial scaffolds. The A. rabiei scaffolds were 
scanned for tRNA gene regions using the tRNAscan-SE (version 1.21) online 
prediction tool (Lowe and Eddy, 1997). All tRNA genes present in the P. nodorum 
mitochondrial genome were also found in A. rabiei, except for tRNA Met1 and 
Arg2. 
 
3.3.2.2  Repetitive DNA content 
Assembling repetitive sequence regions is unreliable using NGS short-reads 
(Kyrpides, 2009). Nevertheless, preliminary repeat analysis was performed on the 
genome via de novo prediction of repetitive sequences with RepeatScout (Price et 
al., 2005), followed by mapping of these de novo predicted repeats onto the 
genome assembly with RepeatMasker (Smit et al., 1996). Based on this analysis, 
the A. rabiei genome contained 12.89% repetitive elements. The de novo repeats 
library was also searched against the Repbase (Jurka et al., 2005) reference repeats 
collection using the Censor software tool (Jurka et al., 1996). LTR retrotransposons 
were identified as the most abundant type of repeat, followed by DNA transposons 
(Table 3.3).  
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Figure 3.3: Diagram of A. rabiei scaffolds matched to the corresponding P. nodorum 
SN15 mitochondrial genome in BLASTN analysis (E-value 10-10). A. rabiei scaffolds 
were plotted outside the P. nodorum mitochondrial structure map (Hane et al., 
2007). 
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Table 3.3: Repeat elements identified in A. rabiei genome 
Repeat 
types 
  
Number of 
elements* 
Length 
occupied 
(bp) 
Percentage 
of 
sequence 
(%) 
Retro-elements 5,170 1,871,492 5.45 
 
NonLTR elements: 1,636 464,507 1.35 
 
L2/CR1/Rex    361 73,421 0.21 
 
R1/LOA/Jockey  7 639 0.00 
 
LTR elements 3,508 1,404,861 4.09 
 
Ty1/Copia 353 139,797 0.41 
 
 Gypsy/DIRS1 3,148 1,263,971 3.68 
 
 Penelope 7 1,093 0.00 
 
 Retroviral 24 10,393 0.03 
DNA transposons 2,978 807,987 2.35 
 
hAT/hobo-
Activator 80 21,962 0.06 
 
Tc1-IS630-Pogo 2,028 496,220 1.44 
 
En-Spm 313 150,476 0.44 
 
Helitron 7 633 0.00 
 
MuDR-IS905 318 73,897 0.22 
 
Polinton 55 15,929 0.05 
 
Tourist/Harbinger 107 26,525 0.08 
Unclassified: 6,533 1,168,133 3.4 
Total interspersed repeats 
 
3,383,105 9.85 
RNA repeats 74 7,164 0.02 
Putatively repeated endogenous 
genes 
1,018 244,383 0.71 
 
Telomere-
associated RecQ 
helicase 
145 55,503 0.16 
Satellites 
 
3 263 0.00 
Simple repeats 4,330 246,076 0.72 
Low complexity 995 72,857 0.21 
* Most repeats fragmented by insertions or deletions have been counted as 
one element. 
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3.3.3 Gene prediction 
GeneMark-ES (version 2.3) was used to predict exon structures for protein-coding 
genes in the A. rabiei assembly (Ter-Hovhannisyan et al., 2008). Initial GeneMark 
predictions produced 15,703 protein-coding genes in 7,013 scaffolds. Of these, 
11,391 gene models of 50 amino acid residues or more were retained for further 
analysis. This estimate of the number of protein-coding gene models in A. rabiei 
was similar to the number in other sequenced Dothideomycetes (Table 3.4).  
 
Table 3.4: Comparison of genome features in published Dothideomycetes fungal 
species 
 
 A. rabiei P. 
nodoruma 
L. 
maculansb 
P. tritici- 
repentisc 
P. 
teresd 
Genome 
size (Mb) 
34.3 37.2 45.1 37.8 41.9 
GC% 52 50.3 44.1 50.4 48 
Predicted 
protein 
coding 
sequences 
11,391 12,194a 12,469 12,141 11,799 
Average 
gene length 
(bp) 
1,482 1,326 1,323 1,618 1,411 
Data obtained: 
aHane et al., (2011) Genomic and comparative analysis of the Class 
Dothideomycetes. 
bRouxel et al., (2011) Effector diversification within compartments of the 
Leptosphaeria maculans genome affected by Repeat-Induced Point mutations. 
cCiufetti, L. M (2008) Pyrenophora tritici-repentis database (accessed on 11 May 
2011). 
dEllwood et al.,(2010) A first genome assembly of the barley fungal pathogen 
Pyrenophora teres f. teres. 
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A total of 2,970 genes were found to have a single exon and more than 70% of the 
predicted gene models had at least one intron. The average number of introns was 
1.48 per gene. Overall, a total of 10,568 of 11,391 gene models (93%) had both a 
predicted start and stop codon; 410 genes were missing a start codon, 361 were 
missing a stop codon, and 52 were missing both. In most cases this was due to 
genes residing on the termini of scaffolds. 
 
 
The number of predicted gene models per scaffold was correlated to the scaffold 
length. Figure 3.4A shows the frequency distributions of gene models relative to 
the length of 2,724 scaffolds that contained genes. Scaffold 154970 is the longest 
scaffold (121,702 bp) in the assembly and has the highest number of genes (54). 
There were however a few exceptions. For example, two scaffolds, scaffold 151704 
(34,848 bp) and scaffold 150643 (48,712 bp), had fewer genes (3 and 5 
respectively). Scaffold 151704 in particular, had one incomplete gene that covered 
more than 80% of the scaffold length (28,693 bp out of 34,848 bp). This anomalous 
gene was supported by in silico prediction and missing a start codon. BLAST analysis 
indicated that it was only weakly similar to other known sequences. Small scaffolds 
(<1 kb) contained a relatively small number of genes and most had one predicted 
gene model (Figure 3.4B). A total of 2,626 gene models was predicted in scaffolds 
less than 1 kb in length and 76% of these were incomplete genes (missing start or 
stop codons).  
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Figure 3.4: Distribution of A. rabiei genes in the genome assembly. (A): Overview of 
genes present in the whole assembly. Region in red box is highlighted in B. (B): 
Genes present in scaffold less than 10kb in length. 
 
 
 
 
 
 
83 
3.3.3.1 Functional annotation of genes  
The set of predicted gene models was characterised using a series of computational 
predictions designed to reveal the genes’ biological functions. The first step 
involved searching for sequence similarity by BLASTP (Altschul, Gish, Miller, Myers, 
& Lipman, 1990) between A. rabiei predicted proteins and the NCBI’s NR protein 
database. A large proportion of the genes (91.47%) in the predicted gene models in 
the A. rabiei genome displayed similarity to other species at an e-value threshold of 
10-5. The top hits of 9,459 A. rabiei proteins matched to the related Pleosporales 
fungal species, P. nodorum (30%), L. maculans (26%), P. teres f. teres (26%) and P. 
tritici-repentis (19%) (Figure 3.5).  
 
A small number of A. rabiei proteins (45) were matched to other Pleosporales 
fungal species such as Cochliobolus heterostrophus and Alternaria brassicicola. A 
total of 890 A. rabiei proteins matched to various fungal species such as Aspergillus 
nidulans and Neurospora crassa. Further similarity searches were carried out, 
comparing A. rabiei proteins with two closely related Ascochyta species: Didymella 
pinodes and Phoma medicaginis var. medicaginis. In total, 324 out of 997 A. rabiei 
proteins had significant BLASTP matches to D. pinodes and P. medicaginis var 
medicaginis. This analysis left 673 genes unique to A. rabiei, without significant 
BLASTP hits to any known protein sequences. 
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Figure 3.5:  Classification of A. rabiei predicted coding sequences according to their  
similarity in comparison with other fungal species. Analysis was based on BLASTP 
prediction (e-value cut off < 10-5) and only the top hit was used in this summary 
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The second step was to scan A. rabiei predicted coding sequences for structurally 
and functionally conserved domains and motifs. Based on Pfam analysis (Finn et al., 
2010), 2,238 unique protein family domains were identified for 6,294 predicted 
gene models. In Figure 3.6, the 10 most abundant Pfam domains present in the A. 
rabiei predicted proteome are shown. The most abundant protein domains 
predicted in the A. rabiei genome were the major facilitator superfamily (MFS) 
transporters and short-chain dehydrogenase/reductase (SDR) (Figure 3.6). The 
presence and location of secretion signal peptides were predicted using SignalP 
(Bendtsen et al., 2004; Emanuelsson et al., 2007), predicting 1,838 secreted genes 
(Figure 3.7A). Protein secretion and subcellullar localisation were also predicted 
with WoLF PSORT, which predicted 1,399 extracellular genes (Figure 3.7B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Classification of common functional domains in A. rabiei predicted 
coding sequences according to the Pfam protein domain analysis. 
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Figure 3.7:  Classification of A. rabiei predicted coding sequences according to the presence of signal peptide indicated by SignalP (A) and 
the subcellular localisation sites predicted by WoLF PSORT (B). 
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3.3.4 Genome assembly validation 
3.3.4.1 EST analysis 
The A. rabiei ME14 cDNA library was constructed from fungal mycelia grown in 
yeast glucose media (YGB). Initially a few clones were randomly picked and 
amplified via PCR in order to check the length of inserted cDNA fragments. PCR 
amplification resulted in different product sizes and indicated that the cDNA library 
contained a variable range of cDNA fragment lengths (Figure 3.8). A total of 100 
randomly picked cDNA clones were then subjected to single-pass 5’ sequencing 
using the universal M13 forward primer. Clone sequences were initially filtered to 
remove vector contamination, followed by trimming of poor-quality sequences. 
Sequences that were less than 100 bp in length after quality trimming were 
discarded from further analysis. There remained 65 quality sequences  and these 
were used for contig clustering via the CAP3 sequence assembly program (Huang 
and Madan, 1999), which produced 49 unigenes. The EST-unigene sequences 
ranged from 219–865 bp, with an average length of 544 bp. The BLAT algorithm 
(Kent, 2002) was used to align these ESTs (hereafter referred to as ME14 unigenes) 
to the genome assembly and all of these had matches to the genome assembly 
(Figure 3.9).  
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Figure 3.8: The PCR amplification of cDNA clones at random from the ME14 cDNA 
library. Lanes 1–8 show the various sizes of different clones; M: 1 kb DNA marker. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: Summary of A. rabiei ME14 EST analysis. 
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Apart from the ESTs developed in this study, publicly available ESTs were also 
evaluated for genome validation purposes. A total of 128 A. rabiei EST sequences 
were hosted at the NCBI GenBank dbEST database [Accessions: GW996324 – 
GW996451]. These ESTs were generated using an A. rabiei isolate that had been 
processed with menadione-treated cultures (Singh et al., 2012). There are very 
limited genomic data available for A. rabiei. EST generated from menadione 
treatment published by Singh et al., (2012) was used for genome assembly 
validation purposes. The average size of these ESTs was 339 bp, ranging from 130 
to 1,024 bp in length. Of these 128 ESTs (hereafter referred as AR_dbEST unigenes), 
122 ESTs aligned to the ME14 genome sequence.  
 
To further evaluate EST validation of predicted gene models in A. rabiei, BLAT 
(Kent, 2002) alignments were visualised and compared to the gene model in the 
GenomeView genome browser (Abeel et al., 2012).  Overall, a total of 40 gene 
annotations were supported by mapping the ME14 unigenes (Table 3.5). Of these, 
13 ESTs were found to support at least one splice site and 25 had at least partial 
overlapping sequences with a predicted gene model. These alignments also 
confirmed the GT-AG donor and acceptor intron splice-junctions predicted by 
GeneMark and commonly observed in fungi (Kupfer et al., 2004).  
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Table 3.5:  Summary of EST mapping analysis to A. rabiei genome 
Features ME14 
unigene 
AR_dbEST 
unigene 
EST matched gene model 40 101 
EST conflicts with gene model (match 
intron) 
2 1 
EST matched genomic region but not 
matching the gene model           
9 19 
EST did not match scaffold 0 8 
Total # ESTs 49 128 
 
 
However, two ESTs (CL4 and ES29) were found to be in conflict with gene 
predictions, where both supported alternative translation start sites (Figures 3.10 
and 3.11). BLASTX alignments to the NCBI protein NR database revealed that CL4 
had a match with 99% identity to a L. maculans protein [Lema_066230.1, 
Accession: XP_003833862] whereas ES29 had a match with 84% identity to a 
P.nodorum protein [SNOG_02642, Accession: XP_001793241]. These matches to 
closely-related fungal species provided additional supporting evidence for altering 
the position of the translational start sites for both genes in future.  
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Figure 3.10: Image depicting EST conflict with ARA12749. (A) Overview of 
ME14_unigene (CL4) aligned to gene model in GenomeView. (B) Close up in 
GenomeView showing amino acid sequences where potential new start codons 
have been highlighted in red box. Coloured bars: Turquoise for predicted exons, 
green for EST alignments and yellow for TBLASTN alignment of Lema_P066230.1. 
(C) BLASTX alignment of ES29 with Lema_P066230.1.  
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Figure 3.11: Image depicting EST conflict with ARA7397. (A) Overview of 
ME14_unigene (ES29) aligned in GenomeView and one of the high-scoring pair 
(HSP) matched to the intron region. (B) Close up in GenomeView showing amino 
acid sequences where potential new start codons have been highlighted in red 
boxes. Coloured bars: Turquoise for predicted exons, green for EST alignments and 
yellow for TBLASTN alignment of SNOG_02642. (C) BLASTX alignment of ES29 with 
SNOG_02642.  
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A total of 101 ESTs from AR_dbEST unigenes were aligned to GeneMark-predicted 
gene models (Table 3.5). Of these, 48 ESTs confirmed 66 predicted exon-intron 
boundaries and revealed conserved AT-AG donor and acceptor intron splice 
junctions. One EST (Accession: GW996450) was mapped across an intron of 
unusual length (1,929 bp) belonging to the ARA16436 locus (Figure 3.12). Further 
evaluation suggested that this gene should be split into 2 genes based on BLASTP 
alignments to NCBI NR proteins. The TBLASTN alignments of P. nodorum proteins 
confirmed that the first two exons matched with SNOG08472 and the other two 
exons matched with SNOG12845. Whereas, Figure 3.13 shows an example of 
AR_dbEST unigenes mapped to A. rabiei gene models which confirm predicted 
exon-intron boundaries. 
 
 
Figure 3.12: Image depicting EST conflict with ARA16436. (A) Overview of 
AR_dbEST unigene (GW996450) matched to unusual intron. TBLASTN alignment 
mapped two different P. nodorum proteins to the same gene. (B) BLAST analysis 
showed ARA16436 consisted of two different conserved domains. Coloured bars: 
Turquoise for predicted exons, green for EST alignments and yellow for TBLASTN 
alignment of SNOG_08472 and SNOG_12845. 
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Figure 3.13: An example of EST alignment mapped onto ab initio gene model where 
EST sequences have confirmed the exon-intron boundaries of the gene model. 
Turquoise is for exons, the turquoise line linking the exons represents the intron 
and green is for EST alignment. 
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This analysis revealed that 9 and 27 ESTs of the ME14 and AR_dbEST unigenes 
respectively, did not align to any predicted gene models yet mapped to the 
genome assembly. BLASTX analysis of these ESTs showed poor similarity to 
hypothetical proteins from various organisms. These ESTs potentially support the 
discovery of novel gene models, as further examination showed that these regions 
lacked the support of TBLASTN alignment to proteins of closely related 
Dothideomycetes species.  
 
3.3.4.2 Proteogenomic analysis 
The intracellular and extracellular proteins of A. rabiei ME14 were obtained from 
two different media. Intracellular proteins were extracted from fungal mycelia 
grown in minimal media, whereas extracellular proteins were derived from 
concentrated fractions of Fries 3 media culture filtrates. SDS-PAGE analysis of the 
protein samples was performed before samples were submitted to 2D LC-MS/MS 
(tandem mass spectrometry) analysis. Figure 3.14 shows that both samples 
contained an abundance of intact proteins.  
 
Mass-spectra libraries produced from analysis of intracellular and extracellular 
proteins were matched against in silico-generated peptide libraries of A. rabiei 
ME14 predicted protein and ORF databases via Mascot software 
(http://www.matrixscience.com/). A total of 8,550 spectra were produced from the 
intracellular proteins. Mascot analysis performed on these spectra matched the 
ME14 genome databases, but with a low rate of success. Overall only 45 peptides 
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matched with the protein database and 24 with the ORF database. The problem 
may have been due to unknown contaminants that had interfered with the protein 
samples and which can thus also disturb protein chromatography assays. Due to 
these complications, all of these peptides were considered unreliable and excluded 
from further analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: SDS-PAGE gel picture shows the protein pattern of extra- and 
intracellular proteins of A. rabiei isolate ME14. Lanes 1–3: precision plus protein 
standards (BioRad); intracellular protein, and extracellular protein. 
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In total, 12,924 spectra were obtained from the extracellular protein samples. 
Mascot matching analysis was filtered based on Multidimensional Protein 
Identification Technology (MudPIT) scoring p < 0.05 and resulting in 2,510 and 
1,660 peptides matched to the protein and ORF databases respectively. Of these, 
1,196 and 894 peptides that matched the protein and ORF databases respectively 
were above the identity threshold (Figure 3.15). FDR calculations were carried out 
using a Mascot decoy database comprising protein and ORF sequences of 
randomised amino acid order. Based on spectra above the identity threshold, the 
FDR was calculated to be 2.09%.  
 
Proteogenomic mapping of peptides to the protein database supported 272 genes 
with 902 unique peptides (Figure 3.15). Of these, 156 genes matched with at least 
two unique peptides. There were 33 genes identified as having at least one intron 
spanning peptides. The peptide-spanning introns validated the predicted exon-
intron boundaries of these genes and supported the reliability of predicted gene 
models. 
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Figure 3.15: Summary of proteogenomic analysis of A. rabiei ME14 extracellular 
protein. FDR was calculated based on peptide matches to ME14 ORF decoy 
database above the identity score.   
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Further proteogenomic analysis of peptides mapped to the ORF database was 
carried out in order to validate predicted genes and to identify erroneous gene 
annotations. A total of 684 unique peptides matched the ORF database and 
validated 203 gene annotations (Figure 3.15). Of these, 654 peptides were mapped 
within coding exons (Table 3.6). There were 6 peptides identified that mapped to 
coding exons of 6 different gene models, but were out of frame with the predicted 
annotation. Evaluation of these peptides had no support from TBLASTN 
comparisons with other Dothideomycetes proteomes. The lack of additional 
supporting evidence for these single peptides suggested that the hits were 
background noise from protein contamination or else random peptide matches, 
rather than the possibility that the gene predictions were incorrect.   
 
There were 24 peptides that mapped to ORF but mapped outside predicted gene 
model regions (Table 3.6). Manual curation, comparing the location of mapped 
peptides to gene annotations, showed that 7 peptides were in conflict with an 
existing gene model. All but two of these peptides were considered unreliable.  
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Table 3.6: Summary of mapping peptides to the 6-frame translated genome 
database 
 
Peptides in frame 654 
Peptides out of frame 6 
Peptides mapped not matching gene model    24 
 Peptides conflicting in different directions 7 
Peptides that supported* gene extension 3 
 Peptides that supported* potential new gene model 5 
Peptides that mapped no conflict and no support 9 
* ‘Peptides that supported’ indicates TBLASTN similarity with the same genomic 
region from related Dothideomycetes genome (P. medicaginis var. medicaginis 
OMT5; D. pinodes M07-4; P. nodorum SN15; P. tritici-repentis Pt-1C; P. teres f. teres 
0–1, and Cochliobolus heterostrophus C5). 
 
Peptides Ara_orf_155155_00013_9933 and Ara_orf_155155_00013_8503 aligned 
in the reverse orientation to the incomplete gene annotation ARA20043 which had 
no start codon (Figure 3.16). This gene was located on a short- scaffold (Scaffold 
155155, length= 484 bp) within a region rich in short mononucleotide repeats. 
TBLASTN alignment supported the validity of these peptide alignments and 
supported the re-annotation of this gene. The curated gene model remained 
incomplete however, due to an inability to identify its stop codon; this was most 
likely due to assembly errors in this region of the genome. Similar findings were 
obtained where the peptides highlighted annotation errors caused by assembly 
errors in scaffolds 146868 (Figure 3.17) and 155549 (Figure 3.18). Based on peptide 
and TBLASTN alignments, two exons in each of the genes shown in Figures 3.17 and 
3.18 (ARA5519 and ARA20731) should be joined together. Misannotation in 
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GeneMark predictions might be due to unknown bases (‘X’) in the genome 
sequence.  
 
Figure 3.16: Image depicting peptides in different orientations with predicted 
genes. (A): Overview of peptides and TBLASTN alignment on Scaffold 155155, and 
conflict with gene ARA20043. Short scaffold was embedded with repeat at both 
ends. (B): Close view of the scaffold showed repetitive sequences. Coloured bars: 
Turquoise for coding exons, red for peptide matches, yellow for TBLASTN 
alignment, and grey for repeat alignments. 
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Figure 3.17: Image depicting the potential coding exon extension on Scaffold 
146868 based on peptide mapping. (A): Overview of peptides and TBLASTN 
alignment on ARA5519. (B): Manual evaluation identified assembly error in the 
gene region (circled and arrowed in red) where unknown bases ‘X’ presented. 
Coloured bars: Turquoise for coding exons, red for peptide matches, dark blue for 
ORF,  and yellow for TBLASTN alignment.  (C): The top informative hit of the ORF 
translation sequence matched L. maculans NPP1 gene. Peptide sequence is 
highlighted in red box.  
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Figure 3.18: Image depicting the potential coding exon extension on Scaffold 15549 
based on peptide mapping. (A): Overview of peptides and TBLASTN alignment on 
ARA20731. (B): Manual evaluation identified assembly error in the gene region 
(circled and arrowed in red) where unknown bases ‘X’ presented. Coloured bars: 
Light blue for coding exons, red for peptide matches, dark blue for ORF,  and yellow 
for TBLASTN alignment.  (C):  Top informative hit of ORF translation sequence 
matched to P. tritici-repentis tripeptidyl-peptidase1 precursor gene. Peptide 
sequence is highlighted in red box.  
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3.3.4.3 Metabolic pathway analysis 
In order to provide a functional analysis of A. rabiei predicted genes, comparisons 
based on the metabolic pathways of genes of related fungal genomes were carried 
out. The MetaCyc pathway database is highly curated and contains metabolic and 
enzyme data spanning all domains of life (Caspi et al., 2012).  A total of 626 P. 
nodorum genes have been characterised as involved in 176 MetaCyc pathways (R.P. 
Oliver and D. Ahern, personal communication, March 2009). Similarity searches via 
reciprocal best hit (RBH) BLASTP analysis were performed between the P. nodorum 
and A.rabiei protein databases. In total, 558 A. rabiei proteins displayed orthologs 
via RBH BLASTP, in the P. nodorum protein set (Table 3.6). All of the 176 MetaCyc 
pathways identified in P. nodorum were also represented in A. rabiei, with the 
exception of the protein citrullination pathway (PWY-4921) which in P. nodorum 
contained a putative peptidyl arginine deiminase gene (SNOG13103, Acc: 
EAT79430). The P. nodorum proteome was searched against the A.rabiei scaffold 
via TBLASTN. No region of the A.rabiei assembly matched SNOG13103, suggesting 
that this gene and its pathway are mostly likely missing in A. rabiei.  
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Table 3.7: Summary of comparative analysis in MetaCyc pathway between P. 
nodorum and A. rabiei genome 
 
Detailed evaluation of the functions of 68 P. nodorum genes identified that 5 of 
these genes potentially encode essential key enzymes in 5 different pathways 
(Table 3.7). Based on the presence of other genes in the same pathway that could 
perform similar functions, 63 genes were excluded from further analysis. Detailed 
examination was carried out and revealed that two A. rabiei genes were 
orthologous proteins of other Dothideomycetes. The gene ARA2545 was 
orthologous to the P. tritici-repentis gene PTRG_11045, and ARA14958 was 
orthologous to the L.maculans gene Lema_P109320. In the latter case, these genes 
encoded a serine palmitoyltransferase (SPTLC1) enzyme which was present in two 
different types, both of which had similar functions in the sphingolipid pathway.  
 
 
 
 
 
 
Features 
 Total no of pathways in SN15 175
Missing pathway in ME14 1 
Number of SN15 genes involved  626 
Number of ME14 genes orthologous to SN15 genes  558 
Number of ME14 genes non-orthologous to SN15 genes 68 
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Table 3.8: Important key enzymes possibly absent from A. rabiei genome 
 
 
Pathway SNOT_id|Accession Enzyme Function Notes 
Butanediol biosynthesis SNOT_15098.3|EST77641.2 Probable alpha-acetolactate 
decarboxylase 
Possibly uses an alternative pathway to 
produce acetoin. 
de novo biosynthesis of 
pyrimidine 
deoxyribonucleotides 
SNOT_11197.3|EAT1696.2 Probable thymidylate kinase Found ARA2545 orthologous to 
PTRG_11045 (PTR thymidylate kinase) 
Phenylalanine biosynthesis  SNOT_13506.3|EAT78953.1 Probable 
carboxycyclohexadienyldehydratase 
Possibly uses alternative pathway to 
produce  phenylpyruvate 
Protein citrullination SNOT_13103.3|EAT79430.2 Probable peptidyl arginine 
deiminase 
Missing in all other known fungal 
genomes 
Sphingolipid metabolism SNOT_12023.3|EAT80435.2 Probable serine palmitoyltransferase Found ARA14958 orthologous to 
Lema_P109320 (L.maculans serine 
palmitoyltransferase 2). 
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3.4 Discussion 
3.4.1 Genome assembly and annotation 
The A. rabiei genome was assembled using NGS technology. The resulting 
assembled genome had a total length of 34.34 Mbp. Using pulse field gel 
electrophoresis (PFGE), Akamatsu et al., (2012) concluded that A. rabiei has 12-16 
chromosomes with an estimated combined size of 20.5–30.5 Mbp. A recent study 
on the comparative genomic analysis of Dothideomycetes fungi with differing 
lifestyles showed variability in genome size across the class of fungi (Ohm et al., 
2012). Mycosphaerella fijiensis (hemibiotroph) and Cladosporium fulvum (biotroph) 
have the largest genome sizes of 74.14 Mb and 61.11 Mb respectively.  The striking 
differences of genome size can be explained by expansion of repeat content within 
the genome (de Wit et al., 2012; Ohm et al., 2012). Similar findings have been 
reported in various pathogens such as Blumeria graminis f. sp. hordei. (Spanu et al., 
2010). 
 
 Preliminary analysis suggested that 13.3% of the A. rabiei assembly contained 
repetitive elements, which was a higher percentage than that found in the P. 
nodorum genome (6.2%) (Hane et al., 2011), but lower than in L. maculans (34.2%) 
(Rouxel et al., 2011) and in M. graminicola (18%) (Goodwin et al., 2011). Due to the 
difficulty of assembly for repetitive DNA regions using short-reads (Treangen and 
Salzberg, 2011), these repetitive regions in A. rabiei were truncated and located on 
scaffold termini. Therefore, there was insufficient information to accurately 
characterise the repeat families in the A. rabiei genome. 
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The A. rabiei mitochondrial (mt) genome was acquired by similarity search against 
the P. nodorum mt genome. Among the published Pleosporales fungal pathogens, 
the P. nodorum mt genome is well annotated and characterised (Hane et al., 2007). 
The A. rabiei mt genome size was not significantly different from P. nodorum, L. 
maculans and M. graminicola (29.4, 30, and 32 respectively) (Hane et al., 2007; 
Rouxel et al., 2011; Torriani et al., 2008). Similarly, the low G:C content identified in 
A. rabiei putative mt scaffolds are a common feature in other filamentous fungal 
mt genomes (Torriani et al., 2008). Most mitochondrial genes have been 
determined; however the arrangement and missing ORF2/tRNA genes need further 
confirmation.   
 
As a consequence of using NGS short-reads for de novo assembly, the A. rabiei 
genome assembly contained a large number of short scaffolds which could not be 
assembled into whole chromosomes. Despite this, GeneMark predictions managed 
to capture a similar number of gene models compared to Dothideomycetes 
genomes which had been sequenced using the older Sanger method — Sanger 
produces longer read lengths (typically > 800 bp) (Table 3.3). Similarity searches 
also revealed that more than 90% of the predicted gene models had significant 
similarity to the sequenced genomes of closely related Dothideomycetes. 
 
The data presented in this chapter are consistent with the recently published 
genome sequence for the Pleosporales barley pathogen, Pyrenophora teres f. teres 
(Ellwood et al., 2010), where 93.5% of predicted gene models were also conserved 
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in related species. About 7.2% of A.rabiei predicted gene models were incomplete, 
either with no start codon (410), or no stop codon (361), or else with neither (52). 
Almost all of these incomplete genes were located at scaffold termini. This was 
most probably due to missing, unassembled regions, or dubious gene predictions.   
 
Automated functional annotation of genes provided evidence to support the ab 
initio-predicted gene models for this newly sequenced genome. This kind of 
analysis helped to assign each gene its probable molecular function, biological role 
and subcellular location. The process involved computational analyses using many 
publicly available software tools and database of conserved domains. Although the 
reliability of these functional assignments is imperfect and requires manual 
curation (Reed, Famili, Thiele, & Palsson, 2006), this information provides a general 
overview of the functions encoded by this sequenced genome. This set of genes 
may have arisen from gene expansion or may have been acquired via lateral gene 
transfer.  
 
More than a thousand A. rabiei proteins were predicted with a signal peptide and 
extracellular proteomic data also suggests that the A. rabiei genome secretes an 
array of genes required during its necrotrophic stage. However, more transcript 
evidence (such as RNA seq data) would be needed to further validate A. rabiei gene 
expression and the relevance of candidate effectors in host-infection. More 
detailed characterisation of the A. rabiei secretome will be discussed in Chapter 5. 
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Further understanding of the important biological features arising from genome 
analysis will be discussed in Chapter 4. 
 
3.4.2 Validation of gene annotation 
The next step in the genome assembly process was to perform validation of 
protein-coding genes using tools such as ESTs and proteomic and homology-based 
data (Martinez, Grigoriev, & Salamov, 2010). This step is crucial, as in silico gene 
prediction methods always contain some amount of error, such as those reported 
in the Plasmodium falciparum genome (Lu et al., 2007). By comparing the gene 
predictions to the cDNA transcript data, they estimated that approximately 24% of 
the coding sequences contained errors in their predicted exon structure. 
 
Using the limited transcriptomic data available for A. rabiei, 141 ab initio gene 
models were supported by EST analysis. Furthermore, ESTs that mapped across 
exon-intron boundaries supported the accuracy of these gene model predictions. 
These findings agree with an earlier study of the Caenorhabditis elegans nematode 
(Shin et al., 2008) in which  approximately 300 exon-intron boundaries were 
successfully validated by alignment of high-throughput Roche 454 transcriptome 
sequencing. Based on the findings presented in this chapter, further A. rabiei 
transcriptome sequencing data could be invaluable for the further validation of 
predicted gene models. Large-scale transcriptomic experiments using NGS methods 
and variable growth conditions, including in planta expression of fungal transcripts, 
are achievable and affordable. 
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Mining the proteogenomic data for gene validation has become the prevailing 
method whereby it is possible to achieve direct verification of the final protein 
product that has been genetically encoded for (Jaffe, Berg, & Church, 2004; Kalume 
et al., 2005; Wright et al., 2009; Gupta et al., 2007). Large-scale, high-throughput 
proteomics using 2D LC-MS/MS techniques, such as those that have been used in P. 
nodorum SN15, revealed a comparable number of proteogenomically supported 
genes as were supported by EST transcript data (Bringans et al., 2009). Following 
the pipeline established in P. nodorum SN15, albeit on a smaller scale, intracellular 
and extracellular proteins of A. rabiei ME14 isolate were submitted to 2D LC-
MS/MS analysis. By using only the extracellular protein data analysis, several 
hundreds of genes were validated. This number of validations could be greater if 
contamination problems were overcome in the intracellular protein samples. 
Validation of more predicted transcripts could be accomplished through reanalysis 
of intracellular protein samples but on a larger scale, where protein production 
between different A. rabiei isolates or mutants could be compared. Apart from 
supported protein- coding sequences, there was evidence of potentially 
unpredicted coding regions and incorrectly annotated genes, identified via 
transcriptomic and proteogenomic alignments. Even though these findings 
represent a preliminary survey of the genome, the information obtained has added 
new layers of evidence to the current gene annotations and will aid future manual 
curation of genes. In order to confirm these findings, rapid amplification of cDNA 
ends (RACE) could also be applied (Xiao et al., 2005; Dike et al., 2004).  
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Comparative genome analysis between related fungal species was considered 
another layer of evidence that could verify the reliability of A.rabiei genome 
annotations. Several studies showed that comparisons based on well-known or 
characterised genes have improved the quality of the genomes in question 
(Markowitz et al., 2009; Proost et al., 2009; Vallenet et al., 2009). Based on the 
characterisation of MetaCyc pathway genes in the P. nodorum SN15 genome, more 
than 70% of P. nodorum genes had orthologs in A. rabiei. A few exceptions were 
observed in several cases where the A. rabiei genome lacked orthologs 
corresponding to important pathways present in P. nodorum. However, further 
investigation indicated that these orthologous genes were also found in other 
sequenced Dothideomycetes genomes. An example was the A. rabiei gene that was 
orthologous to an L. maculans gene encoded for a serine palmitoyltransferase in 
the sphingolipid metabolism pathway. Large-scale comparative analyses could be 
incorporated into this type of genome analysis, as increasing numbers of 
sequenced genomes become available. The integration of 3 different techniques to 
validate the A. rabiei assembly demonstrated that it was an accurate 
representation of the gene-coding regions of the genome.  
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3.5 Conclusion 
This chapter presents the analysis of the first draft assembly of A. rabiei as 
represented by the isolate ME14 genome. Despite the fact that the A.rabiei 
genome was assembled from short Illumina reads, this study presents collective 
evidence that it is reasonably accurate compared to closely related 
Dothideomycetes genomes that were assembled using expensive but more reliable 
Sanger technologies, such as P. nodorum (Hane et al., 2007) and L. maculans 
(Rouxel et al., 2011). Further improvements can be made by incorporating 
alternative sequencing techniques with long read lengths and/or by inserting sizes 
such as Roche 454 pyrosequencing; Illumina mate pairs; PacBio realtime single 
molecule sequencing (RSII), or Oxford Nanopore. These longer reads would 
complement the high coverage of the Illumina reads and be capable of filling in the 
gaps in the current assembly. This approach has successfully enhanced the quality 
of the Sordaria macrospora genome (Nowrousian et al., 2010). This chapter 
presents the analysis of the newly sequenced A. rabiei genome, and has therefore 
provided a basic resource that can be used to stimulate the future genomic 
research of fungal genomes. 
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CHAPTER 4: PATHOGENICITY 
MECHANISMS DEDUCED FROM 
THE GENOME SEQUENCE
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4.1 Introduction 
The interactions between pathogens and their hosts are diverse and in some cases 
are unique depending on the different types of pathogenic lifestyle: biotrophic or 
necrotrophic (Oliver and IpCho, 2004). Fungal pathogens are known for their ability 
to kill host tissue by secreting cell- wall degrading enzymes (CWDE) (Walton, 1994), 
effector proteins and toxic substances. Cell-wall degrading enzymes are normally 
present in families of multiple copies of similar enzymes and in general are 
considered to be important pathogenicity determinants. Recent studies show that 
plant pathogenic fungi secrete more CWDE compared to non-pathogenic fungi and 
are specialised according to their host range (monocot or dicot) (King et al., 2011). 
The Carbohydrate Active Enzymes (CAZymes) database catalogues different 
enzyme classes involved in the degradation of carbohydrates and glycoconjugates 
as well as carbohydrate-binding modules (Cantarel et al., 2009). This database 
offers CAZyme analysis for existing genomes based on protein sequences and can 
be used to characterise CAZymes in a newly sequenced genome (Park, Karpinets, 
Syed, Leuze, & Uberbacher, 2010). 
 
A large number of pathogenicity-related genes have been identified and 
characterised in fungi (review by Van de Wouw and Howlett, 2011). The Pathogen-
Host Interaction database (PHI-base) comprises a regularly updated database of 
curated experimentally validated pathogenicity-related genes of fungi, oomycetes 
and bacteria (Winnenburg et al., 2006). Combining searches of predicted A. rabiei 
proteins against these databases together with comparative analysis versus a 
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substantial number of recently published fungal genomes provides the opportunity 
to pinpoint potential pathogenicity candidates through comparative analyses. 
 
Toxin production is often the result of secondary metabolism processes mediated 
by polyketide synthases (PKS), nonribosomal peptide synthases (NRPS), terpene 
synthases and dimethylallyl diphosphate tryptophan synthases (DMATS) 
(Collemare, Billard, Bo'hnert, & Lebrun, 2008). Type I PKS and NRPS genes are 
assembled from the multi-domain enzymes. The minimum domains required to 
classify a PKS enzyme are ketoacyl-synthase (KS), acyl transferase (AT) and acyl 
carrier protein (ACP) [ACP is also known as phosphopantetheine attachment site 
(PP)]. Whereas, for NRPS, the core domains should consist of an adenylation (A), 
acyl carrier protein (ACP) and condensation (C) domain (Collemare et al., 2008). A 
PKS-NRPS hybrid gene combines the PKS core domains with at least one NRPS 
domain (Du Sanchez, & Shen, 2001).  
 
The genes encoding secondary metabolic synthesis such as PKS and NRPS are 
usually clustered in a single genetic locus, among other genes such as Cytochrome 
P450 and other monooxygenases (Keller and Hohn, 1997). Many filamentous fungal 
secondary metabolite gene clusters have been characterised (review by 
Hoffmeister and Keller, 2007). Furthermore, emerging evidence has suggested that 
horizontal gene transfer (HGT) may facilitate transfer of these clusters between 
distantly related fungal species (Rosewich and Kistler, 2000; Patron et al., 2007; 
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Khaldi, Collemare, Lebrun, & Wolfe, 2008; Slot and Rokas, 2011; Khaldi and Wolfe, 
2011).  
 
Solanapyrones are the product of a polyketide synthase. They are low molecular 
weight molecules produced by A. rabiei, and are well characterised secondary 
metabolites (Alam et al., 1989; Chen et al., 1991). They have been described as a 
virulence factor on chickpea, positively correlating with toxicity and pathogenicity 
(Kaur, 1995; Hamid and Strange, 2000). Solanapyrones are also produced by 
various other fungal species including Alternaria solani (Ichihara et al., 1983) and 
Nigrospora spp. (Wu et al., 2009). Recently the gene cluster responsible for the 
biosynthesis of solanapyrones has been identified in A. solani (Kasahara et al., 
2010).  
 
The aim of this chapter was to evaluate aspects of pathogenesis by mining the in 
silico predicted genes (Chapter 3) through comparative analysis. This evaluation 
will provide an overview of the potential fungal mechanisms involved in the 
interaction with the host plant. 
 
4.2 Materials and Methods 
4.2.1 Sequence similarity search 
Sequence similarity searches were performed using the BLAST algorithm (BLASTP), 
comparing against the NCBI’s NR protein database (Altschul et al., 1990) and 
selected fungal pathogen databases. The parameter used was e-value cutoff 10-5. 
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PHI-base data used in the similarity search were downloaded on 25 May 2011 
(version 3.0). 
 
4.2.2 Analysis of enzymes involved in carbohydrate metabolism 
In order to analyse putative CAZymes, all 11,391 predicted protein sequences of A. 
rabiei were submitted to the CAZymes Analysis Toolkit (CAT) web service (Park et 
al., 2010). The results of this submission to the CAT web service were based on 
downloadable data from the CAZY database (Cantarel et al., 2009) on 30 
September 2011. Analysis was carried out using the ‘Similarity Based Annotation’ 
algorithm with default parameters (E-value threshold: 0.01, and Pfam domains with 
the bit score threshold 55). For comparison purposes, protein datasets of 3 
published Pleosporales species (Parastagonospora nodorum, Leptosphaeria 
maculans and Pyrenophora teres f. teres) and 1 Capniodiales species (Zymoseptoria 
tritici) were evaluated for CAZyme content in the same way as the A. rabiei 
proteins. 
 
4.2.3 Analysis of secondary metabolite genes 
The first step in identifying putative genes that were involved in the production of 
secondary metabolites was to filter all A. rabiei proteins based on putative 
conserved protein family domains (Pfam) (Table 4.1). Proteins with at least one of 
the domains associated with PKS or NRPS activity were selected for further 
evaluation. The second step was evaluation of domain prediction using comparison 
with the NCBI Conserved Domain Database (CDD). PKS types were assigned based 
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on the domain structure that matched published PKS groupings (Kroken, Glass, 
Taylor, Yoder, & Turgeon, 2003). 
 
Table 4.1: Pfam protein families used in the analysis 
Pfam family Pfam ID 
Beta-ketoacylsynthase N and C terminal PF00109.20, PF02801.1 
Acyl-transferase_1 PF00698.15 
Phosphopantetheine binding PF00550 
Condensation PP domain  PF00668 
Adenylation (AMP-binding) PF00501 
 
4.2.4 Phylogenetic analysis 
Alignment of protein sequences was carried out using ClustalW (Thompson, 
Higgins, & Gibson, 1994). Phylogenetic analysis was carried out using the Molecular 
Evolutionary Genetics Analysis (MEGA) software program (Tamura et al, 2011). The 
Maximum Likelihood method of analysis was based on the JTT matrix-based model 
(Jones, Taylor, & Thornton, 1992) and on the predicted proteins of 8 
Dothideomycetes sequenced fungal genomes (Table 3.1; Chapter 3) including 
Pyrenophora tritici-repentis and Cochliobolus heterostrophus. 
Sequence data for P. tritici-repentis and C. heterostrophus were retrieved from the 
website below: 
(http://www.broadinstitute.org/annotation/genome/pyrenophora_tritici_repentis.
3) 
 (http://genome.jgi-psf.org/CocheC5_1/CocheC5_1.info.html), 
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4.2.5 PCR analysis 
Tests for PCR reactions were performed in a total volume of 25 μl using the 
standard PCR protocol consisting of  1 X PCR buffer, 2 mM MgCl2, 0.5 mM of dNTP , 
10  μM forward and reverse primer, 100 ng fungal genomic DNA, and sterile water 
to make up the total volume. The PCR amplifications were carried out in a DNA 
Engine Tetrad 2 Peltier Thermal Cycler (MJ  Research), programmed as follows: an 
initial denaturation of 2 min at 95 °C, 36 cycles of 95 °C (30 sec), 60 °C (30 sec), and 
72 °C (1 min). Final extension was at 72 °C (5 min) before termination of the PCR at 
10 °C. Forward and reverse primers used in this experiment are presented below. 
PCR products were separated electrophoretically on 1.5% agarose gel. 
 
4.3 Results and Discussion 
4.3.1 Cell-wall degrading enzymes  
The CAT pipeline (Park et al., 2010) was used to identify putative CAZymes in the A. 
rabiei genome. A total of 508 CAZymes were identified in A. rabiei (Table 4.2). 
Overall, similar numbers of CWDE were observed in comparison with other plant 
pathogen genomes (P. nodorum [527], L. maculans [511]), with the exception of Z. 
tritici (387) and P. teres f. teres (426), both of which had a reduced CWDE load 
(Table 4.2). These reductions lead to the proposed theory of stealth pathogenesis 
in Z. tritici, where it is also speculated that protein family expansions for CWDE 
functions could possibly be linked to pathogenesis in this hemibiotrophic species 
(Goodwin et al., 2011).  
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Comparative analysis of fungi with a various range of lifestyles and infection modes 
has been carried out by Zhao, Liu, Wang, & Xu (2013). For instance, this study 
provides additional insight into understanding the relationship between CAZyme 
repertoires and lifestyle preferences of plant pathogenic, saprophytic and 
symbiotic fungi. Saprotrophic and symbiotic fungi were predicted to contain fewer 
CAZymes than plant pathogenic fungi, although some had the ability to degrade 
plant biomass. In general, biotrophic fungi had reduced numbers of CAZymes 
compared with necrotrophic and hemibiotrophic fungi with the exception of 
biotrophic plant pathogen, Passalora fulva (Zhao et al., 2013). Previously, de Wit 
and colleagues (2012) have identified that P. fulva contains a similar number of 
CAZymes to closely related hemibiotrophic pathogen Dothistroma septosporum. 
However, many of P. fulva CAZymes were found not regulated during in planta 
expression study (de Wit et al., 2012).  
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Table 4.2: Analysis of A. rabiei predicted CAZymes, in comparison with 
Dothideomycetes species 
 
aCAZy family 
bPutative 
family 
Substrates 
cPathogens 
A.r P.n Ptt L.m Z.tri 
Polysaccharid
e lyase (PL) PL1 Pectin 10 4 2 9 2 
 PL3 Pectin 7 2 2 6 1 
 PL4 Pectin 4 3 2 4 0 
 PL9 Pectin 1 0 0 0 0 
   22 9 6 19 3 
Carbohydrate 
esterase (CE) CE3 Xylan 2 5 2 3 5 
 CE1 Xylan 7 9 5 7 5 
 CE2 Xylan 2 1 0 1 0 
 CE5 Cutin 11 8 9 8 4 
 CE8 Pectin 3 2 2 3 1 
 CE12 Pectin 4 3 3 3 1 
   56 58 47 58 43 
Glycoside 
hydrolase 
(GH) GH28 Pectin 9 5 6 8 3 
 GH78 Pectin 4 4 1 2 2 
 GH88 Pectin 1 1 1 1 1 
 GH105 Pectin 8 4 6 6 1 
 GH12 Cellulose 3 2 3 4 2 
 GH45 Cellulose 1 2 2 2 1 
 GH5 Cellulose 16 15 8 16 9 
 GH6 Cellulose 3 4 3 3 0 
 GH61 Cellulose 16 17 11 17 1 
 GH7 Cellulose 3 4 3 3 1 
 GH10 Xylan 4 5 0 3 0 
 GH11 Xylan 3 6 4 2 1 
 GH67 Xylan 0 1 0 1 0 
   238 247 198 246 160 
Carbohydrate 
binding 
modules 
(CBM) CBM1 Cellulose 7 9 10 6 2 
 CBM18 Chitin 6 10 6 8 1 
   
65 78 64 55 46 
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Table 4.2 continued 
aCAZy family 
bPutative 
family 
Substrates 
cPathogens 
A.r P.n Ptt L.m Z.tri 
Glycosyl 
transferase 
(GT) 
  
127 135 111 139 135 
TOTAL   508 527 426 511 387 
a CAZy family classification based on the CAZY database (www.cazy.org) (Cantarel 
et al., 2009). 
b CAZy family implicated in the degradation of plant cell wall substrates. 
cFungal species analysed included Ascochyta rabiei (A.r), Parastagonospora 
nodorum (P.n), Pyrenophora teres f. teres (Ptt), Leptosphaeria maculans (L.m) and 
Zymoseptoria tritici (Z.tri). 
Note: The total numbers of each CAZy family are not reflected by the number of 
putative family. 
 
 
Plant cell walls are rich with pectin, cellulose and hemicellulose. Therefore, genes 
encoding polysaccharide hydrolases, polysaccharide lyases and pectin esterases 
were the major families involved in cell-wall degradation. The A. rabiei genome 
contains the largest number of pectate lyases (22) among the Dothideomycetes, 
followed by L. maculans (19). Interestingly, representation of PL9 was found only in 
the A. rabiei genome (ARA12719) (Table 4.2). In the CAZy database (www.cazy.org), 
Aspergillus was the only group of Ascomycetes species reported to produce the PL9 
enzyme, with bacterial species being the major alternative source for the PL9 
enzyme. BLASTP matches of ARA12719 in the NCBI protein database pointed to an 
Aspergillus oryzae pectate lyase (AOR_1_220074).  
 
A. rabiei and L. maculans have a similar number of pectate lyase enzymes, and a 
higher quantity than that found in other closely related species. This could be due 
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to variations in cell-wall constituents between host species, as A. rabiei and L. 
maculans both infect dicotyledonous plants, whereas the majority of other plant 
pathogen species for which whole-genome data are currently available do not 
infect dicots. In support of this, King et al., (2011) reported a correlation between 
host-range preferences among pathogens of both monocots and dicots, related to 
those pathogens’ ability to break down plant cell walls. Amselem et al., (2011) 
similarly observed that dicot-infecting pathogens Sclerotinia sclerotiorum and 
Botrytis cinerea prefer to grow on substrate with high levels of pectin. A recent 
study published by Zhao et al., (2013) concludes that dicot pathogens have a 
greater number of pectinases than monocot pathogens.  
 
Cellulose degradation involves 3 major types of cellulase: endoglucanase, 
exoglucanase and beta-glucosidase (Tomme, Warren, & Gilkes, 1995). The A. rabiei 
genome has a total of 49 predicted cellulases and this number is similar to that of 
the cellulases putatively present in P. nodorum (53) and L. maculans (51). 
Endoxylanases (GH10 and GH11) are responsible for degradation of xylan, a major 
component of hemicellulose (Kulkarni, Shendye, & Rao, 1999; Sapag et al., 2002). A 
total of 7 endoxylanases were identified in the A. rabiei genome; this finding 
suggests that A. rabiei has the ability to break down xylan. Consistent with a 
previous finding that A. rabiei secreted cutinase in cutin-enriched media 
(Tenhaken, Arnemann, Koehler, & Barz, 1997), a total of 11 putative cutinases (CE5 
family) (Table 4.2) were predicted.  
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4.3.2 Comparison with experimentally validated pathogenicity genes in other 
organisms, using PHI-base  
 
A total of 198 A. rabiei proteins had reciprocal matches to the 601 PHI-base 
proteins and were further classified according to the phenotype characteristics 
defined in PHI-base, which is based on published experimentally verified 
pathogenicity genes (Baldwin et al., 2006). There were 6 phenotypes defined in 
PHI-base that enabled the classification of 198 A. rabiei proteins. Four of these 
phenotypes were classified as pathogenicity associates: they represented reduced 
virulence (144 proteins), loss of pathogenicity (36 proteins), resistance to chemicals 
(2 proteins) and the effector role (plant avirulence determinant) (1 protein). The 
other 2 classification phenotypes were either not associated with pathogenicity (44 
proteins), or were sensitive to chemicals (1 protein).  
 
A total of 17 signalling proteins have been identified in 2 families: the 
heterotrimeric guanine nucleotide binding protein (G protein) and protein kinase 
families. Of these signalling proteins, two G protein alpha-subunit proteins were 
identified, one (ARA09861) of which was orthologous to the FGA1 (BAB69488) gene 
of Fusarium oxysporum (Table 4.3). Cloning and disruption of the FGA1 gene have 
been demonstrated to reduce the pathogenicity of F. oxysporum on tomato (Jain, 
Akiyama, Mae, Ohguchi, & Takata, 2002). The other G protein alpha subunit 
candidate (ARA14835) was homologous to MAGC (AAB65427) in Magnaporthe 
oryzae. However, deletion of MAGC is known not to affect the pathogenicity of M. 
oryzae on rice (Liu and Dean, 1997).  
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Table 4.3: Selected pathogenicity candidates identified by orthologous matches to 
PHI-base. 
 
Protein ID Orthologous  Fungal species  
PHI-base number (a 
disruption phenotype)  
*(%) 
Similarity  
Putative signalling kinases 
ARA02921 CpkB Parastagonospora 
nodorum 
PHI:1083 (Unaffected 
pathogenicity) 
95.5 
ARA03400 MCK1 Magnaporthe 
oryzae 
PHI:777 (Loss of 
pathogenicity) 
47 
ARA06604 RPK1 Colletotrichum 
lagenarium 
PHI:231 (Loss of 
pathogenicity) 
63 
ARA07693 CRK1 Ustilago maydis PHI:394 (Loss of 
pathogenicity) 
30 
ARA08074 STE11 Zymoseptoria tritici PHI:1073 (Loss of 
pathogenicity) 
39.6 
ARA08301 CpCOT1 Claviceps purpurea PHI:393 (Loss of 
pathogenicity) 
66.5 
ARA09184 AMK1 Alternaria 
brassicicola 
PHI:736  (Loss of 
pathogenicity) 
100 
ARA09762 STE7 Zymoseptoria tritici PHI:1072  (Loss of 
pathogenicity) 
73.5 
ARA09861 FGA1 Fusarium 
oxysporum 
PHI:251 (Reduced 
virulence) 
97.2 
ARA14835 MAGC Magnaporthe 
oryzae 
PHI:84   (Unaffected 
pathogenicity) 
75.6 
ARA14864 CpkA Parastagonospora 
nodorum 
PHI:1082 (Reduced 
virulence) 
91.5 
Putative effector protein 
ARA01080 PTH11 Magnaporthe 
oryzae 
PHI:404 (Reduced 
virulence) 
39 
ARA05519 BeNEP2 Botrytis elliptica PHI:741 (Unaffected 
pathogenicity) 
45 
ARA16862 SP1 Leptosphaeria 
maculans 
PHI:695 (Unaffected 
pathogenicity) 
75 
ARA19577 BeNEP1 Botrytis elliptica PHI:740 (Unaffected 
pathogenicity) 
56 
*% Sim. = Percent similarity where the similarity of the protein sequences was calculated 
from EMBOSS NEEDLE (Rice, Longden, & Bleasby, 2000) using Needleman-Wunsch global 
alignment algorithm (Needleman and Wunsch, 1970). 
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There were 14 A. rabiei protein kinases matching PHI-base proteins. Of these, 10 
proteins matched mitogen-activated protein (MAP) kinase from various plant 
pathogens. High levels of similarity were observed for 6 of these proteins 
(ARA03400, ARA07693, ARA08074, ARA08301, ARA09184 and ARA09762) which 
were orthologous to MAP kinase proteins identified as important to plant 
pathogenicity (Table 4.3). Mutants of these MAP kinases had reduced virulence and 
were also required for expression of mating type protein such as the CRK1 protein 
of Ustilago maydis (Garrido et al., 2004). Two calcium/calmodulin-dependent 
protein kinases (cAMKs) (ARA14864 and ARA02921) were found, both matching P. 
nodorum proteins CpkA (ABD59786) and CpkB (ABD59787) respectively (Solomon, 
Rybak, Trengove, & Oliver, 2006). Targeted mutagenesis of both P.nodorum cAMKs 
revealed that CpkA mutants had reduced virulence, whereas CpkB mutants had no 
effect on pathogenicity (Solomon et al., 2006). One cAMP-dependent regulatory 
protein kinase (PKA) candidate (ARA06604) was found to be orthologous to RPK1 
(AAK31209) of Colletotrichum lagenarium, an important regulatory protein 
required for fungal pathogenesis and development (Takano, Oshiro, & Okuno, 
2001). 
 
The analysis also revealed proteins that were orthologous to putative fungal 
effector proteins, including 8 cysteine-containing domain proteins such as the 
common-in-fungal-extracellular-and-membrane domain protein (CFEM), the 
necrosis and ethylene-inducing protein (NPP1) domain protein, and the cerato-
platanin domain protein (CP). CFEM proteins are well represented in fungal 
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genomes and it has been proposed that they have an effect on fungal pathogenicity 
(Kulkarni, Kelkar, & Dean, 2003): an example is Pth11 (AAD30437), a CFEM-like 
protein from M. oryzae (DeZwaan, Carroll, Valent, & Sweigard, 1999). A total of 7 A. 
rabiei proteins were found that contained a CFEM domain but none of these was 
orthologous to Pth11. However, a protein (ARA01080) lacking a CFEM domain was 
found to be orthologous to Pth11 and was also predicted with 6 transmembrane 
helices (TMHMMs) (Table 4.3). 
 
Necrosis inducing proteins (NLPs) have been discovered in various plant pathogens 
including fungi, bacteria and oomycete species (Gijzen and Nürnberger, 2006; 
Pamberton and Salmond, 2004). NLPs contain a conserved NPP1 domain (Fellbrich 
et al., 2002) which can trigger plant host responses leading to cell death (Gijzen and 
Nürnberger, 2006). Two proteins with an NPP1 domain were found in A. rabiei 
(Table 4.3). These have high similarity to NEP1 proteins of Botrytis elliptica; BeNEP2 
matched to ARA19577 at 56% similarity, whereas BeNEP1 matched to ARA05519 at 
45% similarity. However, the NPP1-like proteins of B. elliptica were found not to 
have an effect on wheat leaf infection (Staats et al., 2007). Previous studies have 
shown that NLPs induce responses only against dicotyledonous plants (Gijzen and 
Nürnberger, 2006; Qutob et al., 2006; Motteram et al., 2009).  
 
Similar numbers of putative NLPs are present in A. rabiei when compared to P. 
nodorum and Z. tritici genomes (2 and 1 respectively) (Motteram et al., 2009). In 
contrast, oomycete genomes have expanded NLP gene families as reported in 
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Phytophthora sojae (33 NLPs; Dong et al., 2012) and Hyaloperonospora 
arabidopsidis (12 NLPs) (Cabral, Oome, Sander, Küfner, Nürnberger, & Van den 
Ackerveken, 2012). Recent findings have proposed dual mechanisms of NLP 
interaction with the host plant, triggering plant immunity by toxin-induced cell 
damage (Ottman et al., 2009) and pattern recognition of pathogen-associated 
molecular patterns (PAMPs) (Böhm, Albert, Oome, Raaymakers, & Ackerveken, 
2014). Investigating whether A. rabiei NLPs promote toxin-induced host cell 
damage or act as PAMPs in the plant-host interaction is an area of interest for 
further study.  
 
Cerato-platanin is a phytotoxic secreted protein which was originally identified in 
Ceratocystis fimbriata f. sp. platani and is distantly related to the hydrophobin 
family of proteins (Pazzagli et al., 1999; Boddi et al., 2004). A cerato-platanin-like 
protein of L. maculans, SP1 (AAM33130), was orthologous to ARA16862 and 
matched with 75% similarity (Table 4.3). ARA16862 has a predicted signal peptide 
cleavage site and was predicted to be extracellular by WoLF PSORT (Horton et al., 
2007). This protein was also detected in extracellular culture filtrates, with 4 
supporting peptides (Chapter 3.0). However, targeted disruption of the 
homologous SP1 gene of L. maculans had no effect on disease (Wilson, Idnurm, & 
Howlett, 2002). It would be interesting to characterise this gene, as recent studies 
suggest that cerato-platanin has a role in pathogenicity in M. oryzae (MSP1) (Jeong, 
Mitchell, & Dean, 2007) and in B. cinerea (BcSpl1) (Frías, González, & Brito, 2011).  
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A recently characterised class of fungal effectors are the lysin motif (LysM) 
proteins, for which homologs are present in many plant pathogens (Bolton et al., 
2008; de Jonge, & Thomma, 2009). In the current version of PHI-base (version 3.0) 
no LysM proteins are listed since no knockout mutants have been evaluated. 
However, recent studies of the Ecp6 gene of P. fulva and the Mg3LysM gene of Z. 
tritici showed that proteins containing the LysM domain play a significant role in 
pathogen-host interactions (de Jonge et al., 2010; Marshall et al., 2011).  
 
Two LysM-containing proteins (ARA14641 and ARA13983) were identified in the A. 
rabiei genome. Based on domain classification by de Jonge and Thomma, (2009), 
ARA14641 was categorised as type-A protein, with 3 LysM domain proteins, and it 
contained a secretion motif similar to Ecp6. Multiple alignment of the amino acid 
sequence of Ecp6, Mg3LysM and ARA14641 showed a moderately conserved 
region of sequences shared among these protein sequences (Figure 4.1). ARA14641 
matched to Ecp6 and MgLysM at 63% and 60% similarity respectively. In contrast, 
ARA13983 fulfilled the criteria of type-C class protein as its domain was associated 
with the cyanovirin-N (CVNH) and Rick17kDa domains. WoLF PSORT also predicted 
ARA13983 to be localised to the nucleus.   
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Figure 4.1:  Alignment of ARA14641 against LysM-like protein from P. fulva (Ecp6) 
and Z. tritici (Mg3LysM). Identical residues are marked as “*” at the bottom of the 
sequence alignment, partially conserved residues are marked with a “:”, and “.” 
indicates conservation between groups of weakly similar properties. 
 
 
An interesting feature was observed where one of the putative beta-glucosidase 
(GH3) family members (ARA06821) was orthologous to the avenacinase protein 
(PHI: 24) of the cereal-plant pathogen Gaeumannomyces graminis (Bowyer, Clarke, 
Lunness, Daniels, & Osbourn, 1995). The avenacinase enzyme detoxifies a saponin 
compound called avenacin that is produced by the oat host plant. A similar enzyme 
known as tomatinase has also been found to be produced by Septoria lycopersici, 
(Osbourn, Bowyer, Lunness, Clarke, & Daniels, 1995). Hence, a similar role could 
potentially be played by the A. rabiei gene (ARA06821) as there is evidence that 
chickpea, the host of A. rabiei, also produces saponin defence metabolites (Kerem, 
German-Shashoua, & Yarden, 2005).  
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4.3.3 Secondary metabolites  
 
To identify PKS and NRPS, proteins of A. rabiei were classified according to Pfam-
defined protein family domains (Finn et al., 2010) and compared to the Conserved 
Domain Database (CDD) (Marchler-Bauer et al., 2011). A total of 53 proteins, which 
contained at least one PKS/NRPS core domain (Table 4.4), was further evaluated. 
Out of 53 proteins, 16 were associated with PKS domains, 35 contained at least one 
NRPS domain, and 2 were PKS-NRPS hybrids. 
 
Further evaluation of the 53 proteins revealed that 10 proteins (7 PKS, 2 NRPS and 
1 PKS-NRPS hybrid) contained the minimum complement of core domains (Table 
4.4). Of the 53 proteins, 43 were predicted with truncated PKS or NRPS domains. Of 
those 43 proteins, 3 proteins (ARA03428, ARA08754, and ARA16391) were 
predicted to be missing the ACP/PP domain. These proteins were located near the 
scaffold boundary and 2 of these proteins were incomplete (i.e. no stop codon, as 
predicted by GeneMark, Chapter 3.0). Similar findings have also been observed for 
4 of the NRPS (ARA01717, ARA03571, ARA08314 and ARA19068), and for one PKS-
NRPS hybrid (ARA13341). 
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Table 4.4: Proteins predicted with PKS-, NRPS-associated domains 
 
Protein ID Scaffold/Strand 
(Coordinates) 
Size (bp) 1Predicted domain 
PKS      
ARA06714 147596+(21736-28960) 7,224 KS-AT-DH-ER-KR-PP 
ARA21213 155751+(3222-8675) 5,453 KS-AT-DH-KR-PP 
ARA11537 150329+(3591-11645) 8054 KS-AT-DH-ME-ER-KR-
PP 
ARA09957 149451-(1099-8770) 7,671 KS-AT-DH-ME-ER-KR-
PP 
ARA13823 151747-(9241-17604) 8,363 KS-AT-DH-M-ER-KR-PP 
ARA09958 149451+(9474-17355) 7,881 KS-AT-DH-PP-ME 
ARA20606 155444-(11075-17595) 6,520 KS-AT-PP-PP 
ARA08574 148596+(8024-16857) 8,833 KS-AT-DH-ME-KR-E 
ARA10349 149630-(22-5777) 5,755 KS-AT 
ARA13604 151572+(32383-33783) 1,400 KS 
ARA09479 149137-(4224-9916) 5,692 KS 
ARA03428 110090+(225-2301) 2,076 KS 
ARA12100 150687-(25657-26317) 660 PP 
ARA10678 149802+(14465-16772) 2,307 PP-PP 
NRPS      
ARA13167 151324-(34468-50749) 16,281 A-C-A-C-A-C-PP-PP 
ARA11711 150467-(6667-12446) 5,779 A-PP-C-PP-PP 
ARA15141 152466-(16313-20164) 3,851 A-PP-E-KR 
ARA20942 155635+(23181-26192) 3,011 A-PP-E 
ARA05778 147008-(7352-10579) 3,227 A-PP-E 
ARA06139 147228+(5017-8215) 3,198 A-PP-E 
ARA08162 148364-(2160-8793) 6,633 A-PP 
ARA11803 150502+(568-4179) 3,611 A-PP 
ARA14642 152230+(10095-13163) 3,068 A-E-PP 
ARA06132 147222+(2687-5749) 3062 A-TE 
ARA18211 154230-(6601-9844) 3,243 A-E 
ARA02530 80983-(19427-21180) 1,753 A 
ARA03571 113168-(468-1996) 1,528 A 
ARA01717 56241+(6095-9539) 3,444 A 
ARA05788 147008+(43009-44832) 1,823 A 
ARA05076 146606-(17188-19388) 2,200 A 
ARA19068 154624+(31347-33146) 1,799 A 
ARA14614 152210+(52290-56071) 3,781 A 
ARA10001 149460+(33808-35600) 1,792 A 
ARA16548 153286-(5513-6975) 1,462 A 
ARA13257 151379+(19846-21952) 2,106 A 
ARA19086 154629-(39545-41370) 1,825 A 
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Table 4.4: continued 
Protein ID Scaffold/Strand 
(Coordinates) 
Size (bp) 1Predicted domain 
NRPS    
ARA18622 154406+(2979-5290) 2,311 A 
ARA21041 155684+(9028-11110) 2,082 A 
ARA08314 148493+(65-2646) 2,581 A 
ARA11716 150467+(24042-25958) 1,916 A 
ARA07925 148253-(12628-14726) 2,098 A 
ARA20227 155256-(5566-7331) 1,765 A 
ARA13898 151784+(24602-26173) 1,571 A 
ARA08298 148487-(3150-5216) 2,066 A 
ARA07886 148243-(6470-8371) 1,901 A 
ARA01079 35855+(4262-6356) 2,094 A 
ARA12404 150883+(64498-66723) 2,225 A 
ARA18269 154247-(38952-42004) 3,052 A 
ARA10917 149969-(16941-18534) 1,593 A 
PKS-NRPS Hybrid 
ARA20941 155635+(13659-23073) 9,414 KS-AT-DH-ME-KR-PP-C 
ARA13341 151432-(211-10404) 10,193 ME-DH-KR-C-A 
1 Predicted domains based on Pfam and CDD analysis: KS — Ketosynthase, AT  —
Acyl transferase, DH — dehydratase, ER — Enoyl reductase, KR — Ketoreductase, 
ME — Methyltransferase, PP — Phosphopantetheine-binding, A — AMP-dependent 
synthetase, C — Condensation, E — Epimerisation, E — Thioesterase.  
Grey boxes indicate proteins with the minimum PKS and NRPS core domains. 
 
 
The number of PKS, NRPS and PKS-NRPS hybrids in A. rabiei was slightly lower 
when compared to P. nodorum (19 PKS, 8 NRPS, 1 PKS/NRPS) (Hane et al., 2007) 
and higher than in the genome of the saprobe Neurospora crassa (7 PKS, 3 NRPS) 
(Galagan et al., 2003). This may provide a clue about the ability of A. rabiei to 
produce low molecular-weight molecules that are potentially toxic and may have 
an effect on the host plant’s cell-defence system. 
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Of the 7 PKS, 4 were classified as reducing PKS type I, 2 as non-reducing PKS type I, 
and there was one 6-methylsalicylic acid synthase (6-MSAS)–type (Table 4.5). 
Evaluation of common protein components of secondary metabolite gene clusters 
such as dehydrogenases, monooxygenases, methyltransferases and transcription 
factors (Keller and Hohn, 1997) was carried out for 10 PKS, NRPS and for PKS-NRPS 
hybrids (Table 4.5). 
 
Genes encoding these proteins within 20 kb upstream and downstream of the 
secondary metabolite production genes were manually inspected based on their 
putative protein Pfam domain. Of the seven PKS, 6 together with 2 NRPS and 1 PKS-
NRPS hybrid were found in clusters (Figure 4.2). Two of the PKS (ARA09957 and 
ARA09958) were found located in the same cluster (Cluster 4) (Figure 4.2). Osbourn 
(2010) proposed that such clustering could possibly allow co-regulation of whole 
biosynthesis pathways and could also facilitate the transfer process either by 
vertical or horizontal mechanisms. 
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Table 4.5: Analysis of putative proteins predicted to contain complete domains of 
PKS, NRPS and PKS-NRPS hybrids 
 
 
 
Protein ID aTop informative 
hit on NCBI 
b(%) 
Sim 
c Type dPutative role in 
other fungi 
eCluster 
      
ARA06714 Leptosphaeria 
maculans      
CBY01874.1 
75 PKS type I 
Reducing  
Lovastatin 
synthesis 
Yes 
ARA09957 Cochliobolus 
heterostrophusP
KS3 AAR90258.1 
85 PKS type I 
Reducing 
Lovastatin 
synthesis   
Yes 
ARA09958 Cochliobolus 
heterostrophusP
KS21 
AAR90275.1 
81 PKS type I 
Non-
reducing 
Citrinin synthesis Yes 
ARA11537 Alternaria solani 
SOL1   
BAJ09789.1 
97 PKS type I 
Reducing 
Solanapyrones 
synthesis 
Yes 
ARA11711 Leptosphaeria 
maculans    
CBX91560.1 
87 - Siderophore-
mediated iron 
metabolism  
Yes 
ARA13167 Cochliobolus 
heterostrophusN
RPS2 
AAX09984.1 
71 - AM-toxin Yes 
ARA13823 Glomerella 
graminicola 
EFQ33338.1 
71 PKS type I 
Reducing 
Toxic on plant 
(e.g. T-toxin) 
Yes 
ARA20606 Leptosphaeria 
maculans     
CBX98440.1 
91 PKS type I 
Non-
reducing 
Melanin 
synthesis 
No 
ARA20941 Leptosphaeria 
maculans     
CBY01295.1 
72 - Lovastatin 
nonaketide 
synthase 
Yes 
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Secondary metabolite production proteins identified as occurring in clusters were 
further evaluated. Reciprocal BLASTP was carried out in comparison to protein 
datasets of 4 published Dothideomycetes fungal species (P. nodorum, L. maculans, 
P. teres f. teres and Z. tritici). This analysis illuminated one interesting cluster 
(Cluster 6). The 8 A. rabiei proteins in Cluster 6 were orthologous to P. nodorum 
proteins and had a similar genomic arrangement (Figure 4.3). This gene cluster was 
not identified in other tested Dothideomycetes species. However, the function of 
these genes in pathogenicity has yet to be determined. It would be interesting to 
understand how this cluster evolved, in both pathogens.  
Table 4.5: continued     
Protein ID aTop informative 
hit on NCBI 
b(%) 
Sim 
c Type dPutative role in 
other fungi 
eCluster 
      
ARA21213 Cochliobolus 
heterostrophus      
AAR90279.1 
68 6-MSAS  6-
methylsalicyclic 
acid  synthesis 
Yes 
a The first non-hypothetical BLASTP match in the NCBI non-redundant protein 
database.  
b % Sim. = Per cent similarity where the similarity of the protein sequences was 
calculated from EMBOSS NEEDLE (Rice et al., 2000) using the Needleman-Wunsch 
global alignment algorithm (Needleman and Wunsch, 1970). 
c PKS types were classified based on domain classification (Kroken et al., 2003).  
dPutative function of each gene was determined by observation of BLAST hit 
description on NCBI. 
eClustered with genes of related functions 
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Figure 4.2: Arrangement of proteins surrounding the PKS, NPRS and Hybrid proteins. Clusters 1–5 are PKS gene cluster; Clusters 6 –7 are 
NRPS gene clusters and Cluster 8 is a Hybrid PKS/NRPS cluster. Arrows with the same colour indicate proteins with similar function. 
Numbers in the arrows indicate A. rabiei gene ID. The diagram is not to scale. (*) indicates proteins predicted with truncated PKS/NRPS 
domains.  
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Figure 4.3: Gene’s arrangement between A. rabiei and P. nodorum. Black arrows and shading indicate orthologous proteins; white arrows 
show non-orthologous genes between 2 species. Number in the arrow indicates the protein ID and number in the bracket is a scaffold 
number. The diagram is not to scale.  
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4.3.4 Solanapyrone biosynthesis gene cluster (SBGC) 
Alternaria solani was the first fungus reported to produce the secondary 
metabolite solanapyrone (Ichihara et al., 1983), followed by A. rabiei several years 
later (Alam et al., 1989; Höhl et al., 1991). Progressive analysis of  the A. solani 
solanapyrone synthesis has led to the identification of the entire gene cluster 
involved in the solanapyrone biosynthesis (Kasahara et al., 2010).  This study 
identified 6 genes encoding a polyketide synthase (SOL1); O-methyltransferase 
(SOL2); transferase (SOL3); transcription factor (SOL4); flavin-dependent oxidase 
(SOL5), and cytochrome P450 (SOL6). The A. solani SBGC sequences were published 
recently (Kasahara et al., 2010). One A. rabiei PKS, ARA11537, matched to SOL1 of 
A. solani, and the highest similarity level was identified between A. rabiei and A. 
solani (Table 4.5). This preliminary finding leads to the question of whether the 
SBGC was present in the A. rabiei genome.  
 
4.3.4.1 Identification of the A. rabiei SBGC 
Following on from the initial identification of SOL1 in the A. rabiei genome, the 
entire A. solani SBGC nucleotide sequence (AB514562.1) was compared against 
those of the A. rabiei scaffolds via BLASTN. The query revealed 2 scaffolds with high 
percentage matching identity (above 95%) to distinct sections of the SBGC gene 
cluster. A BLASTP search of individual A. solani proteins (BAJ09784.1, BAJ09789.1) 
against the A. rabiei protein database was carried out to determine their similarity 
at the amino acid level (Table 4.6). The results indicated that these proteins 
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showed high sequence similarity to 6 of the predicted A. rabiei proteins. Of the A. 
rabiei proteins, 4 were identified as clustered on Scaffold 150329 and the other 2 
were present on Scaffold 153167 (Figure 4.4). Interestingly, in addition to highly 
conserved sequence homology, the order and orientation of the proteins was also 
conserved between the 2 species (Figure 4.4). Inspection of in silico gene 
predictions showed that the A. rabiei proteins possessed identical exon-intron 
structures to those of the A. solani proteins, with two main exceptions: ARA16314 
differs from SOL4 of A. solani by one exon and ARA16317 has an extra exon relative 
to SOL3 (Figure 4.4). 
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Table 4.6: BLASTP matches of A. solani protein in the solanapyrones gene cluster with e-value <10-5. Proteins with a percentage of similarity 
above 89% are in bold 
 
 Non-published databases (ACNFP) JGI database NCBI database 
Alternaria solani Ascochyta rabiei Phoma medicaginis var 
medicaginis 
Didymella pinodes Alternaria 
brassicicola 
 
Other fungal species 
Gene 
Length 
(aa) 
Best hit 
(% Sim.)
1
 
Rec. 
BLAST
2
 
Best hit 
(% Sim.)
1
 
Rec. 
BLAST
2
 
Best hit 
(% Sim.)
 1
 
Rec. 
BLAST
2
 
Best hit 
(% Sim.)
 1
 
Rec. 
BLAST
2
 
Best hit 
(% Sim.)
1
 
Rec. 
BLAST
2
 
sol1 2641 
ARA11537 
(97) 
Yes 
PMM06325 
(42) 
No 
DP04616 
(29) 
Yes 
AB05242.1 
(30) 
No 
EAU33817.1 [Aspergillus 
terreus] (51) 
Yes 
sol2 427 
ARA11536 
(98) 
Yes 
PMM03669 
(28) 
No 
DP12971 
(23) 
No 
AB05241.1 
(42) 
Yes 
CAP66436.1 [Podospora  
anserina ] (53) 
Yes 
sol3 285 
ARA16317 
(96) 
Yes 
PMM02130 
(36) 
No 
DP05475 
(38) 
No 
AB06183.1 
(34) 
Yes 
EED24217.1 
[T. stipitatus] (54) 
Yes 
sol4 557 
ARA16316 
(95) 
Yes 
PMM08422 
(19) 
No 
DP04981 
(19) 
No 
AB03734.1 
(17) 
No 
CAP66441.1 [P. anserina]  
(35) 
Yes 
sol5 515 
ARA16315 
(98) 
Yes 
PMM07854 
(27) 
No 
DP09235 
(30) 
No 
AB01064.1 
(30) 
No 
EED11999.1 [Talaromyces 
stipitatus] (31) 
No 
sol6 461 
ARA16314 
(89.4) 
Yes 
PMM07896 
(27) 
No 
DP13035 
(26) 
No 
AB10147.1 
(30) 
No 
CAK37065.1 [Aspergillus 
niger]  (26) 
No 
1 %
 Sim. = Percent similarity where the similarity of the protein sequences was calculated from EMBOSS NEEDLE (Rice et al., 2000) using Needleman-Wunsch global alignment algorithm 
(Needleman and Wunsch, 1970). 
2
 Rec. BLAST = Reciprocal BLAST (Moreno-Hagelsieb and Latimer, 2008). 
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Figure 4.4: Gene’s arrangement in the SBGC of A. solani and orthologous regions of A. rabiei. Two scaffolds in the A. rabiei genome contain 
the 6 proteins within the A. solani cluster. Colours indicate gene function and orthology relationships between the 2 species. The black 
arrows point to minor differences in gene annotation between A. solani and A. rabiei. 
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To evaluate these in silico A. rabiei gene annotations, 6 gene-specific primer pairs 
were designed and amplified using the genomic DNA of the ME14 isolate. The PCR 
process resulted in a single amplicon for each primer pair tested (Figure 4.5). 
Amplification products obtained show agreement with the in silico predicted gene 
lengths and support the reliability of the A. rabiei gene assembly. In order to verify 
that the A. rabiei SBGC scaffolds (Scaffold 150329 and Scaffold 153167) are part of 
the same genomic locus, 3 primer pairs were designed to amplify the 
hypothetically missing sequence between them. However, none of these primer 
pairs resulted in a single amplicon.  
 
 
Figure 4.5: Corroboration of in silico predicted gene annotations by PCR. Isolate 
ME14 genomic DNA was amplified as a single fragment for all 6 primers. Lanes: 1: 
ARA16314; 2: ARA16315; 3: ARA16316; 4: ARA16317; 5:ARA11536; 6–9: ARA11537 
partial fragments; 10: Full ARA11537; C: Control and M: 1kb HyperLadder I DNA 
marker. The expected lengths of PCR products based on in silico gene prediction are 
indicated in each lane below the amplicon.  
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Despite high sequence homology, current evidence does not support the 
hypothesis that all proteins of the A. rabiei SBGC are located in the same genetic 
locus as in A. solani. PCR amplification failed to amplify the region between Scaffold 
150329 and Scaffold 153167. These results indicate that in contrast to A. solani, 
these two scaffolds are not linked as continuous gene clusters. This could be 
investigated further by applying other techniques such as PFGE or Southern blot. 
Other sequencing techniques such as PacBio or 454 pyrosequencing could also 
provide more data as they can offer longer read sequences compared to Illumina 
sequences. These additional analyses could provide insight into a secondary 
hypothesis that a large insertion may have taken place within the SBGC after being 
transferred into the A. rabiei genome. This will be the subject of further 
investigation. Quantitative real time PCR (qRT-PCR) will determine whether the 
SBGC genes have similar gene expression patterns or are co-regulated during any 
stage of fungal growth (especially under in planta conditions).   
 
The mechanism by which solanapyrone synthesis contributes to pathogenicity in A. 
rabiei is currently unknown. Expression studies of SOL5 (solanapyrone 
synthase,[SPS]) indicated that this enzyme is required both in the oxidation process 
and in the Diels-Alder reaction that completes the solanapyrone biosynthesis 
pathway (Kasahara et al., 2010). The SOL5 enzyme is the key difference between 
solanapyrone and lovastatin/compactin biosynthesis, which both involve the Diels-
Alder reaction (Kasahara et al., 2010). On the other hand, Mizushina and co-
workers (2002) reported the potential for using solanapyrone A isolated from A. 
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solani as a cancer chemotherapy agent, due to its binding specificity to DNA 
polymerase, the polymerase beta or POLB gene of mammalian cells. In other 
research, Schmidt, Gloer, & Wicklow (2007) showed that solanapyrone analogs 
extracted from an unknown fungus act as antimicrobials against Aspergillus flavus, 
Fusarium verticillioides, Staphylococcus aureus and Candida albicans. These initial 
findings provide a clue to the potential for further exploration of the role and 
function of A. rabiei solanapyrone, in addition to investigation of how this toxin 
contributes to fungal pathogenesis. 
 
The findings presented in this chapter open up many research possibilities. One 
possibility is to further functionally characterise the protein within the pathway. 
Using gene disruption techniques such as those used previously in A. rabiei 
(Akamatsu, Chilvers, Stewart, & Peever, 2010), mutants can be created with the 
aim of finding toxin-deficient mutants and determining their pathogenicity 
capability.  
 
To this effect, several attempts have previously been made employing random 
mutagenesis via Agrobacterium tumefaciens-mediated transformation (ATMT) in 
order to generate A.rabiei toxin-deficient mutants (Mogensen, Challen, & Strange, 
2006; Zerroug, Mezaache, Strange, & Nicklin, 2010). Both studies determined that 
some of the mutants produced significantly lower amounts of solanapyrones 
compared to the wild type. However further characterisation of these mutants has 
yet to be undertaken. Further research involving the sequencing of ATMT mutants 
 147 
would be helpful in order to identify potential genes involved in SBGC. 
Confirmation of their genotype is needed, as many studies have hypothesised that 
solanapyrones may act as a virulence factor in the A. rabiei-chickpea interaction 
(Kaur, 1995; Hamid and Strange, 2000; Mogensen et al., 2006). A metabolomics 
approach could also be applied to evaluate these mutants, as has previously been 
applied to aflatoxin biosynthesis in Aspergillus parasiticus (Roze et al., 2010).  
 
4.3.4.2 Synteny and phylogenetic analysis of the SBGC  
The observation that A. rabiei contained a region homologous to the A. solani SBGC 
leads to the question of whether this cluster is common in closely related fungal 
species. Table 4.6 shows BLASTP results of a comparison between A. solani proteins 
with those of related sequenced fungal genomes and the NCBI’s NR protein 
database. Further analysis of amino acid sequences using global pairwise 
sequences alignment (NEEDLE) (Rice et al., 2000) showed that there was more than 
an 89% sequence similarity between proteins of A. solani and A. rabiei.  Similarity 
analysis to other genomes of the Didymella genus (Phoma medicaginis var. 
medicaginis and Didymella pinodes), identified low sequence similarity (Table 4.6). 
Correspondingly, Alternaria brassicicola, which is closely related to A. solani, also 
had a low average similarity level of 30% (Table 4.6).  
 
Furthermore, reciprocal BLASTP hits revealed that no orthologous gene-encoded 
proteins have been identified in the genome of P. medicaginis var. medicaginis, 
while 1 orthologous gene was found in the D. pinodes genome. A similar finding 
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was observed in the A. brassicicola genome, in which 2 orthologous proteins were 
identified (Table 4.6). The top BLASTP matches of A. solani proteins to the NCBI’s 
NR protein database were fungal proteins from the species of the orders Eurotiales 
and Sordariales (Table 4.6).  
 
Phylogenetic analyses were carried out in order to evaluate the hypothesis that 
horizontal gene transfer (HGT) had occurred between A. solani and A. rabiei. The 
predicted proteins of 8 sequenced fungal species of the class Dothideomycetes 
(listed in Table 3.1, Chapter 3) together with 2 other species, P. tritici-repentis and 
C. heterostrophus (no published genome at the time of analysis) were compared 
for similarity using BLASTP. In addition to the findings reported above, 5 other 
Pleosporales genomes (P. nodorum, P. tritici-repentis, P. teres f. teres, C. 
heterostrophus and L. maculans) also showed poor sequence conservation with 
only 1–3 orthologous proteins present in some of these species. Only 4 (SOL1–
SOL4) out of 6 solanapyrone proteins had orthologs in other Pleosporales genomes, 
whereas the SOL5 and SOL6 proteins had no orthologs other than those identified 
in A. rabiei.  
 
Gene-by-gene phylogenetic trees were generated using the maximum likelihood 
method in MEGA5 (Tamura et al., 2011), based on 4 orthologous proteins (SOL1–
SOL4). This analysis revealed a clear distinction between A. solani and A. rabiei and 
the other fungal species (Figure 4.6). Phylogenetic analysis consistently grouped 
these two species as a separate clade supported by a high bootstrap value of more 
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than 99%. For instance, in the phylogeny tree of SOL1, the analysis supports the A. 
solani and A. rabiei relationship, excluding the D. pinodes PKS gene which is more 
distantly related to A. rabiei and sequestering it into a separate clan with proteins 
from the other Pleosporales species (Figure 4.6).  
 
The result shows disagreement with the phylogenetic analysis of the Pleosporales 
(Zhang et al., 2009) (Figure 4.7). The placement of A. solani and A. rabiei in one 
clade may indicate the horizontal inheritance shared by these proteins. The 
phylogenetic analysis of SBGC protein supports the hypothesis that HGT has 
occurred between these two species. In contrast to the HGT hypothesis, SBGC may 
have evolved by conventional means, i.e. vertical inheritance. However the 
absence of conserved sequences in other related fungal pathogens may refute this 
hypothesis. 
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Figure 4.6: Phylogenetic analysis of solanapyrone biosynthesis cluster proteins and their orthologs, using maximum likelihood analysis in 
MEGA5 (Tamura et al., 2011). Proteins of the same colour correspond to subfamily groupings in Figure 4.7. 
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Figure 4.7: A cladogram representing different species in the Pleosporinae suborder taxon, based on Zhang et al., 2009. It shows the currently 
established phylogenetic relationships within the suborder. Coloured boxes show families corresponding to the species in Figure 4.6. The 
dotted arrow (in yellow) indicates the hypothetical horizontal gene transfer (HGT) event between two groups of species. A. solani and A. rabiei 
are shown at the extremes of the arrow as part of the relevant group. The tree is not drawn to scale. 
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Alternaria solani and A. rabiei belong to the order Pleosporales but are members of 
different family taxons. So far, no other fungal species of the Pleosporales have 
been reported to produce solanapyrones. Recently, 2 uncharacterised fungi have 
been shown to produce a toxin analogous to solanapyrone. Analysis of fungal 
cultures of Nigrospora sp. (Wu et al., 2009) and an unidentified Hawaiian fungus 
(Schmidt et al., 2007) produced several forms of solanapyrone. However, none of 
these fungi is known to be related to the Pleosporales taxon. Comparison of the A. 
solani and A. rabiei SBGC regions revealed conserved microsynteny in gene content 
and orientation (Figure 4.4).Comparative genomic analysis of the currently 
available Pleosporales fungal genomes, specifically closely related species within 
the Didymellaceae, indicated that the solanapyrone gene cluster appeared only in 
A. solani and A. rabiei. The incongruence between gene-by-gene phylogenies 
(Figure 4.6) with species phylogeny (Figure 4.7) (Zhang et al., 2009)  provides 
further support for the hypothesised acquisition of this gene cluster by HGT. 
 
Other studies have also suggested the HGT movement of secondary metabolite 
gene clusters between fungal species, including the epipolythiodioxopiperazine 
(ETP) synthase (Patron et al., 2007)  and the avirulence conferring enzyme 1 (ACE1) 
(Khaldi et al., 2008) gene clusters. Recently, it was discovered that a large cluster of 
23 proteins responsible for sterigmatocystin biosynthesis appears to have been 
horizontally transferred from Aspergillus nidulans to Podospora anserina (Slot and 
Rokas, 2011). These interesting findings support the hypothesis that HGT has been 
responsible for moving genomic regions between distantly related fungal species 
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(Richards, 2011).  However the mechanism by which these HGT events occur has 
yet to be determined. Richards (2011) reviewed the possibility that fungal 
interaction within common co-ecological niches, and cellular association, may 
facilitate HGT. The same hypothesis was also mentioned by Friesen et al., (2006) 
with respect to the interspecific transfer of the ToxA gene from P. nodorum to P. 
tritici-repentis. Close contact between these pathogens due to an overlapping host-
range may have assisted in the genetic exchange process. Furthermore, in F. 
oxysporum, the co-incubation of different strains can lead to the transmission of 
pathogenecity-related chromosomes (Ma et al., 2010).  Ascochyta rabiei and A. 
solani however, do not have overlapping host ranges. Mehrabi et al., (2011) 
suggested that interspecies hybridisation between these two closely related 
pathogens could possibly lead to HGT. Thus, it will be interesting to investigate 
further how the potential HGT of the SBGC between A. solani and A. rabiei 
occurred. 
 
4.4 Conclusion 
Understanding the pathogenicity mechanism of fungal plant pathogens is of great 
interest to plant pathologists: the characterisation of important aspects of certain 
pathogenicity-related proteins could help plant breeders develop solutions for 
controlling plant diseases (Hammond-Kosack et al., 2004). The availability of fungal 
genome data provides vast opportunities to explore in depth how pathogens 
interact with their hosts, as has been shown in recent publications of fungal 
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genomes such as for Mycosphaerella graminicola (Goodwin et al., 2011),  L. 
maculans (Rouxel et al., 2011) and Blumeria graminis (Spanu et al., 2010).  
Comparative analysis is a valuable tool, especially for newly sequenced genomes 
(Soanes et al., 2008).  
 
This chapter has demonstrated an evaluation of the predicted genes encoded by A. 
rabiei isolated ME14, focusing on genes with potential roles in pathogenicity. Based 
on comparative studies, we have found similar CAZyme and pathogenicity patterns 
in A. rabiei as in other nectrotrophic fungal pathogens. These findings however may 
be misleading as prediction of CAZyme content and pathogenicity genes are based 
on sequence similarity. Further experimental characterisation would be needed in 
order to confirm the putative function of these protein candidates. For example, 
Quantitative real time PCR (qRT-PCR) could be used to investigate the expression of 
these genes during A. rabiei pathogenesis. 
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CHAPTER 5: ANALYSIS OF CULTURE 
FILTRATE AND PREDICTION OF 
SECRETED NECROTROPHIC 
EFFECTORS
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5.1 Introduction 
Necrotrophic fungal pathogens cause severe disease and economic losses in 
agricultural crop production worldwide. In contrast with biotrophic pathogens, 
necrotrophs obtain their nutrients from dead plant cells that they kill before or 
during colonisation (Oliver and Ipcho, 2004). Prior to colonisation, necrotrophic 
pathogens may secrete degrading enzymes, toxic secondary metabolites and 
specialised effector proteins (Laluk and Mengiste, 2010).  
 
The interactions between fungal effectors and host plants are complex. Recent 
studies have revealed that these effectors can manipulate the host’s immunity, 
physiology and metabolism in favour of fungal growth and disease development. 
Their action can also be localised to different cellular compartments such as the 
apoplastic space, cytoplasm, the nucleus, and elsewhere (Rafiqi, Ellis, Ludowici, 
Hardham, & Dodds, 2012). The ability of fungal effectors to suppress plant 
immunity has been discussed in a recent review by Wang, Jiang, Liu, Liu, & Wang 
(2014). Necrotrophic effectors can interact through several immune signalling 
pathways, such as effector-triggered immunity, effector-triggered susceptibility, 
and PAMP-triggered immunity. 
 
The interaction mechanism of necrotrophic effectors has been termed an ‘inverse 
gene-for-gene’ interaction (Friesen et al., 2008; Faris et al., 2010). Rather than 
interact with a dominant resistance gene to trigger host-resistance, the effectors 
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instead interact with a dominant susceptibility gene to trigger host susceptibility 
(Friesen et al., 2008; Tan, Oliver, Solomon, & Moffat, 2010; Oliver and Solomon, 
2008). A notable fungal pathogen, Parastagonospora nodorum, of the order 
Pleosporales, has had its necrotrophic effector repertoire partially characterised, 
based on complex patterns of multiple susceptibility interactions with the host 
plant. To date, there are 6 published effector proteins of P. nodorum that cause 
necrosis in selected wheat varieties: SnToxA (Liu et al., 2006); SnTox1 (Liu et al., 
2012); SnTox2 (Friesen, Meinhardt, & Faris, 2007); SnTox3 (Liu et al., 2009); SnTox4 
(Abeysekara, Friesen, Keller, & Faris, 2009) and SnTox5 (Friesen, Chu, Xu, & Faris, 
2012). The availability of the P. nodorum whole-genome sequence (Hane et al., 
2007) has been a tremendous tool toward the identification of these novel 
effectors (Vleeshouwers and Oliver, 2014) and as a result, more are expected to be 
revealed in the future (Oliver, 2012; Crook, Friesen, Liu, Ojiambo, & Cowger 2012; 
Tan et al., 2014). Effector discovery through straightforward and simple leaf 
infiltration assays of P. nodorum culture filtrates has contributed to a breeding 
program as well as reduced yield losses through avoidance of effector-susceptible 
cultivars (Oliver, 2012). 
 
Earlier reports have shown that the fungal culture of Ascochyta rabiei contains 
solanapyrones (A, B and C) (Alam et al., 1989; Höhl et al., 1991; Chen and Strange, 
1991), a toxic compound that was originally found in Alternaria solani (Ichihara et 
al., 1983). Furthermore Chen and Strange (1994) identified a protein of 
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approximately 7.5 kDa in size in A. rabiei grown in expressed chickpea sap medium. 
However, no further characterisation of this protein has been carried out.  
This chapter focuses on the analysis of protein fractions that potentially contain 
necrotrophic effectors in A. rabiei. Our hypothesis was that A. rabiei secretes 
effector proteins as in P. nodorum — a model pathosystem for species of the order 
Pleosporales. The aims of this chapter are: 
 
1) To examine the culture filtrate and initiate an attempt to purify A. rabiei 
proteinaceous effectors. 
2) To analyse the secretome (in silico) of A. rabiei and evaluate the list of effector 
candidates. 
 
5.2 Materials and Methods 
5.2.1 Preparation of ME14 culture filtrates  
Fungal culture filtrates (CF) were produced by inoculation of 1 X 106 spore 
suspension in a 150 ml Erlenmeyer flask containing 100 ml of Fries medium. Flasks 
were then incubated on an orbital shaker at 100 rpm for 36 h in 22 ± 2 °C. 
Subsequently flasks were incubated under stationary conditions for 4 weeks, 
otherwise under the same conditions in the dark. To collect fungal CF, the mycelia 
mat was removed by filtering, using a milk filter. The supernatant was passed 
through vacuum filtration with several layers of Whatman Grade 1 filter paper and 
then through a 0.45 μm-pore filter (Millipore, Bedford, MA). Furthermore, for 
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protein purification, the clean CF was dialysed overnight in dialysis buffer, using 3.5 
kDa dialysis tubing. The choice of dialysis buffer used in this experiment (acetate, 
Tris-HCl or phosphate buffer) was dependent upon the type of exchange column 
used. Dialysed CF was stored at 4 °C (in the cold room) until further analysis. 
 
5.2.2 Assay for biological activity.  
The activity and impact of the CF was determined by infiltration into host plants. 
Chickpea (Cicer arietinum) cv. Sona was used in these experiments because of the 
availability of the seed. Approximately 10 µl of CF was infiltrated using a 1 ml 
syringe with the needle removed (Figure 5.1). As a control, a leaflet or pinnate leaf 
on the same chickpea plant was treated with sterile Milli-Q water or buffer. When 
water-soaked chlorosis and necrosis appeared around the infiltration sites, this was 
recorded as a sensitive reaction, while insensivity was recorded when no symptoms 
were observed. The activities were recorded 3 days after infiltration. Three leaves 
of the three individual plants were subject to the CF infiltration. Infiltration was 
performed in two independent experiments. 
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Figure 5.1: Culture filtrate infiltration using 1 ml syringe with needle removed. 
 
 
5.2.3 Chemical and heat treatments 
To test whether the activity of the CF was related to a proteinaceous compound, 
the CF was mixed with Pronase (Sigma-Aldrich, Australia) at a concentration of 0.5, 
1.0 and 1.5 μg/ml. The mixed samples were incubated at 37 °C in a thermal block 
for 2 h. Pronase alone, incubated under the same conditions, was used as a control. 
The sensitivity of the samples was determined using leaf infiltration assay. To test 
the effect of heat treatment on the toxic activity of the culture filtrate, samples in 1 
ml Eppendorf tubes were incubated in a thermal block (at 40, 60, and 100 °C) for 15 
min and then placed on ice for 10 min. Controls were set up using CF without heat 
treatment and maintained on ice. The CF activity was determined by leaf 
infiltration. 
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5.2.4 Protein purification 
Firstly, 40 ml of dialysed CF were used for ion exchange chromatography (IEC) with 
a HiTrap SP FF (Sepharose Fast Flow) column (15.0 × 1.5 cm) (GE Healthcare, 
Uppsala, Sweden) previously equilibrated with 10 mM Acetate buffer, pH 5.0. The 
column was washed with 50 ml of the same buffer and the proteins were eluted 
from the column with a gradient of NaCl (0–300 mM) in 10 mM acetate buffer, pH 
5.0. The unbound fraction (15 ml) and fractions (5 ml each) were collected and 
tested for activity. The unbound fraction (from IEX cation exchanger) was dialysed 
against 10 mM Tris-Cl (pH 8.0) and loaded onto an anion exchange HiTrap Q FF (Q 
Sepharose Fast Flow) column (1 ml). The active fractions obtained from the anion 
exchanger were combined and brought to 1.0 M (NH4)2SO4 prior to separation by 
hydrophobic interaction chromatography (HIC) with a Phenyl-Sepharose 6 Fast 
Flow (high sub) column (15.0 × 1.5 cm) (GE Healthcare, Uppsala, Sweden) 
previously equilibrated with 1.0 M (NH4)2SO4 and 50 mM phosphate buffer, pH 7.0. 
Before protein elution, the column was washed with 50 ml of equilibrated buffer, 
and proteins were eluted with a gradient of (NH4)2SO4 (1 to 0 M) in 50 mM 
phosphate buffer, pH 7.0. The eluted fractions (1 ml × 10 fractions) were collected 
and tested for toxicity. The protein concentration was determined by BCA protein 
assay. Selected fractions were loaded onto 16.5 % acrylamide tricine gel for 
banding profile. The gel was stained in Coomassie blue G250 staining solution. 
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5.2.5 Bioinformatic analysis 
Selection criteria used to generate a list of effector candidate proteins from the A. 
rabiei genome database were: 
a) Proteins with the presence of a signal peptide motif (SignalP, version 3.0) 
(Bendtsen et al., 2004). 
b) Proteins with prediction of extracellular localisation (WoLF PSORT, Horton et al., 
2007). 
c) Transmembrane domain (Phobius web analysis [Kall, Krogh, & Sonnhammer 
2004]) and Transmembrane helices prediction using hidden Markov models 
(TMHMM Server version 2.0). (http://www.cbs.dtu.dk/services/TMHMM/); (Krogh, 
Larsson, von Heijne, & Soonhammer, 2001).   
d) The presence of methionine at the start and stop codons. 
e) Small predicted proteins (SSPs) <30 kDa molecular weight (PEPSTATS, Bioperl 
module). 
 
Pfam domains were annotated using HMMER3 searches against the Pfam version 
24.0 database (Finn et al., 2010). Any SSPs registering below the optimal score 
(gathering cutoff threshold) to Pfam_A were not considered to contain putative 
functional domains. For the identification of proteins with no predicted functional 
domain, BLASTP searches were conducted against a local database with an e-value 
cutoff of 10-5. Novel effector proteins within the SSP dataset were identified using 
BLASTP matches against the NR protein database. 
 
 
 
163 
5.3 Results 
5.3.1 Culture filtrate evaluation 
The culture filtrate of A. rabiei was used to infiltrate chickpea cv. Sona leaves to 
define its effects. The CF showed chlorosis and necrosis symptoms when injected 
into chickpea leaf tissue (Figure 5.2). There was no response in leaf tissue injected 
with culture media and water except some faint syringe-damage effect. These clear 
symptoms were detected after a 3-day infiltration period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Typical responses of chickpea cv. Sona leaves to A. rabiei ME14 culture 
filtrate. Red arrows indicate CF infiltration. Liquid medium or water is indicated by 
white arrows. 
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In order to characterise the active compound, the CF was treated in various ways. 
Necrotic activity of the CF was reduced after Pronase treatments. At 0.5 mg/ml 
Pronase, a slight chlorosis appeared at infiltration sites, as compared to the results 
from applying 0 mg/ml Pronase in an untreated control (Figure 5.3). Complete 
inhibition was obtained after treatment with 1.0 and 1.5 mg/ml Pronase. Heat 
treatment of the CF both at 40 °C and 100 °C for 15 min also managed to inactivate 
the compound in the CF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Pronase and heat treatments on ME14 CF reduced necrotic activity of 
chickpea cv. Sona leaves. 1: Pronase alone; 2: CF+ 0.5 mg/ml Pronase; 3: CF+ 1.0 
mg/ml Pronase; 4: CF + 1.5mg/ml Pronase; 5: CF + 40 °C heat; 6: CF + 100 °C heat; 
7: Untreated CF. Some leaves may show slight damage from the infiltration.  
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5.3.2 Culture filtrate response of different chickpea cultivars 
A total of 6 Australian chickpea cultivars were selected to evaluate the cultivars’ 
response to A. rabiei CF. Comparison between cultivars showed differential 
responses when benchmarked to the disease rating scale outlined in Figure 5.4. For 
instance, chickpea cv. Almaz is classified as moderately resistant to Ascochyta 
blight and showed a negative response to CF infiltration, whereas very susceptible 
(Amethyst, Jimbour, Heera and Moti) and moderately susceptible (Sona) cultivars 
were sensitive to the CF. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Differential responses to A. rabiei ME14 culture filtrate among 
Australian chickpea cultivars. MR: moderately resistant, MS: moderately 
susceptible and VS: very susceptible. The chickpea disease rating for each cultivar 
against Ascochyta blight is published in Australian Pulse Bulletin 2008. Some leaves 
may show damage from the infiltration. Red arrows indicate CF infiltration site. 
Liquid medium or water is indicated by white arrows. 
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5.3.3 Partial purification of culture filtrate 
An attempt to characterise proteinaceous compound in the A. rabiei CF was carried 
out using IEX and HIC. A series of purification steps was performed. Dialysed CF was 
subjected to cation exchange chromatography, using a 5-ml HiTrap SP FF column 
(GE Healthcare). Gradient elution of 0–300 mM sodium chloride was used. A total 
of 25 fractions were collected. Selected fractions were dialysed and infiltrated into 
chickpea cv. Sona. The unbound fraction and the eluted fractions (F12–F17) 
together were found to cause a reaction on the chickpea leaves (Figure 5.5). SDS-
PAGE analysis of proteins in the fractions obtained from IEX was carried out (Figure 
5.6). This analysis showed that the toxic compound was not fully purified nor 
separated from others.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Infiltration of IEX fractions of chickpea cv. Sona.  1: Buffer; 2: F1; 3: F3; 
4: F6; 5: F11; 6: F12; 7: F13; 8: F15; 9: F17; 10: unbound; 11: dialysed culture 
filtrate.  
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Figure 5.6: SDS-PAGE profile of selected cation IEX fractions. CF is culture filtrate 
and F is fraction. The symbol ‘+’ indicate positive reaction of the infiltration on 
chickpea cv. Sona.  
 
 
Further characterisation was carried out using anion exchange chromatography. 
Unbound fraction of cation IEX were pooled and dialysed. The unbound fraction 
was loaded to 1ml HiTrap Q FF column (GE Healthcare) and 20 fractions were 
collected. Dialysed fractions were infiltrated into chickpea cv. Sona and resulted in 
three fractions (F13–F15), causing chlorosis. Selected fractions were analysed using 
SDS-PAGE, and protein profiles as shown in Figure 5.7 were obtained.  
 
 
168 
 
Figure 5.7: SDS-PAGE profile of selected anion IEX fractions. F is fraction. The 
symbol ‘+’ indicate positive reaction of the infiltration on chickpea cv. Sona.  
 
 
The active anion fractions (F13-F15) were pooled and separated by HIC. Ten 
fractions were collected and dialysed. The reaction started to develop in leaves 
infiltrated with fractions 9 and 10 as of 3 days post-infiltration. Selected fractions 
were analysed using SDS-PAGE, to visualise protein size (Figure 5.8). These proteins 
were not completely resolved via HIC purification steps. The size of active 
compound  in the CF was estimated in the range of 10–50 kDa based on SDS-PAGE 
profile of partial purification analysis. 
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Figure 5.8: SDS-PAGE profile of selected HIC fractions. F is fraction. The symbol ‘+’ 
indicate positive reaction of the infiltration on chickpea cv. Sona.  
 
 
5.3.4 Mining genome database for effector candidates 
In order to identify and classify the candidate necrotrophic fungal effectors  of  A. 
rabiei, an in silico analysis using bioinformatic tools was carried out. A total of 
11,391 protein coding genes (Chapter 3) was analysed (Figure 5.9). Using SignalP 
(Nielsen, Engelbrecht, Brunak, & von Heijne, 1997), 1,838 genes were predicted to 
code for proteins with a signal peptide. A second software package (WoLF PSORT) 
that predicts the eventual location of proteins was used to identify proteins 
secreted in the extracellular space. Of these, 781 proteins manifested localisations 
other than extracellular and were therefore excluded from further analysis.  
 
 
170 
The next stage was to refine this set of proteins by excluding those predicted as 
incomplete, being without either an annotated start or stop codon (34). These 
proteins were considered to be dubiously annotated and therefore in need of 
further examination. Similarly, proteins predicted by both TMHMM and PHOBIUS 
prediction software to contain transmembrane spanning regions were removed 
(234). This resulted in a reduced set of 789 secreted proteins (Figure 5.9). As we 
considered that the published necrotrophic fungal effectors would be small 
secreted proteins (SSPs) (< 30kDa) (Syme, Hane, Friesen, & Oliver, 2013) final 
filtering steps excluded proteins larger than this size. This resulted in a list of 266 
predicted SSPs. 
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Figure 5.9: Bioinformatics analysis pipeline used for the secretome predictions of A. 
rabiei proteins. 
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5.3.4.1 Analysis of proteins with a predicted functional domain 
Closer inspection of the 266 SSPs was carried out in order to evaluate their putative 
domain in the sequence by using Pfam domain analysis. This analysis revealed that 
68 proteins contained at least 1 Pfam domain  (Appendix B). A total of 30 proteins 
was involved in plant substrate degradation, including 11 that were identified as 
belonging to the glycoside hydrolase enzyme family (PF03443). The abundance of 
secreted protein functioning in the degradation of cell walls was expected, as 
discussed in Chapter 4.3.1. Similarly, the identification of necrosis-inducing proteins 
and of similarity to published fungal effectors such as CFEM (PF05730) and cerato-
platanin (PF07249) has been discussed in Chapter 4.3.2. 
 
5.3.4.2 Analysis of proteins with no predicted function 
The remaining 198 SSPs that lacked functional domain annotation were analysed 
for cysteine content and compared via BLASTP for similarity to the NCBI’s NR 
database. These criteria were considered essential because all necrotrophic fungal 
effectors published to date are cysteine-rich proteins. Evaluation of BLASTP 
homology indicated that most of the proteins (150) were matched to proteins 
described as either  hypothetical or conserved hypothetical proteins. The majority 
of these proteins have at least a pair of cysteines, except in 34 proteins that have 
only 1 or else zero cysteines. At the >5% cysteine threshold (Krijger, Thon, Deising, 
& Wirsel, 2014), 22 proteins were identified whilst the others had less than the 
threshold value (Table 5.1). 
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In addition, BLASTP analysis has revealed that a total of 48 proteins show no 
significant hit (e-value cutoff 10-5) for any fungal species in the NR database. These 
proteins could be considered unique to the A. rabiei species. Of the 48 unique 
proteins, 11 (22%) carried more than 3% cysteine in the predicted amino acid 
sequence (Table 5.2). A total of 20 proteins were predicted containing less than 2% 
cysteine or no cysteine in the sequence. Further evaluation of the 11 novel 
cysteine-rich proteins was carried out against unpublished closely related fungal 
species, Phoma medicaginis var medicaginis (Angela Williams, personal 
communication, 5 November 2010) and Didymella pinodes (Francis Kessie, personal 
communication, 5 November 2010). This showed 4 and 3 proteins conserved in P. 
medicaginis var medicaginis and D. pinodes, respectively (Table 5.2). 
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Table 5.1: The analysis of putative small secreted proteins with no predicted function for cysteine content and homology in NR database 
Protein ID 
Scaffold 
ID 
Strand 
(Coordinate) 
Aa1 #Cys2 % aa_c3 
MW4 
(kDa) 
# exon5 Top hit description of NR database 
ARA15179 152489 +(14445-14830) 75 9 9.7 10,355.8 3 
predicted protein [Pyrenophora tritici-repentis 
Pt-1C-BFP]  
ARA8112 148345 +(2581-2899) 64 8 9.6 9,095.2 2 
conserved hypothetical protein [Aspergillus 
flavus NRRL3357] 
ARA5843 147034 +(2066-2712) 17 12 8.9 14,502.8 5 hypothetical protein [Aspergillus oryzae RIB40]  
ARA8111 148345 -(1246-1600) 76 8 8.3 10,382.8 2 
conserved hypothetical protein [Aspergillus 
flavus NRRL3357]  
ARA11710 150467 -(5660-6164) 120 10 7.1 15,513.6 2 
hypothetical protein SNOG_14369 
[Phaeosphaeria nodorum SN15]  
ARA5187 146670 +(4703-5102) 88 8 7.0 11,833.3 2 
hypothetical protein SNOG_08571 
[Phaeosphaeria nodorum SN15]  
ARA6751 147617 +(7251-7826) 134 10 6.6 14,957.4 3 
conserved hypothetical protein [Pyrenophora 
tritici-repentis Pt-1C-BFP]  
ARA5188 146670 +(5791-6227) 102 8 6.6 13,045.7 2 
hypothetical protein SNOG_08571 
[Phaeosphaeria nodorum SN15] 
ARA8037 148304 -(10512-11093) 140 10 6.4 16,608.5 3 
conserved hypothetical protein [Pyrenophora 
tritici-repentis Pt-1C-BFP]  
ARA11086 150048 +(5131-5484) 99 7 6.0 12,544.9 1 predicted protein [Magnaporthe grisea 70-15]  
ARA17875 154046 +(5380-5795) 86 6 5.7 11,089.3 3 
hypothetical protein AFLA_123340 [Aspergillus 
flavus NRRL3357] 
ARA11136 150076 +(14670-15464) 242 15 5.7 25,987.8 1 
conserved hypothetical protein [Pyrenophora 
tritici-repentis Pt-1C-BFP]  
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Table 5.1: continued 
Protein ID 
Scaffold 
ID 
Strand 
(Coordinate) 
Aa1 #Cys2 % aa_c3 
MW4 
(kDa) 
# exon5 Top hit description of NR database 
 
ARA16975 153484 -(6026-6665) 157 10 5.6 20,987.4 3 
hypothetical protein SNOG_08109 
[Phaeosphaeria nodorum SN15]  
         
ARA19250 154732 -(101-669) 150 9 5.4 16,686.2 2 
hypothetical protein SNOG_07723 
[Phaeosphaeria nodorum SN15]  
ARA7205 147833 -(975-1817) 262 15 5.4 28,859.8 1 
hypothetical protein NECHADRAFT_101975 
[Nectria haematococca mpVI 77-13-4] 
ARA13205 151355 -(351-955) 154 9 5.2 16,897.5 2 
conserved hypothetical protein [Pyrenophora 
tritici-repentis Pt-1C-BFP]  
ARA16190 153116 +(14671-15090) 102 6 5.0 13,199.9 2 
hypothetical protein SNOG_11258 
[Phaeosphaeria nodorum SN15]  
ARA14407 152096 -(29118-29581) 101 6 5.0 12,829.8 3 
hypothetical protein PTRG_06976 [Pyrenophora 
tritici-repentis Pt-1C-BFP]  
Aa1 – is the mature length of the protein sequence (after removal of the signal peptide). 
#Cys2 – predicted cysteine residue 
% aa_c3 – percentage of cysteine residue in the total amino acid length 
MW4 (kDa) – predicted molecular weight 
# exon5 – number of predicted exon 
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Table 5.2: The analysis of novel small secreted proteins with no predicted function for cysteine content and homology in related fungal 
species 
 
Protein ID Scaffold ID 
Strand 
(Coordinate) 
Aa1 #Cys2 % aa_c3 MW4 (kDa) #exon5 Top hit description of related 
species 
ARA20344 155325 -(10709-11024) 63 10 11.6 9,566.9 2 PmmT_08404.1| hypothetical 
protein [Phoma medicaginis var. 
medicaginis] 
ARA19421 154834 -(237-576) 74 10 10.9 9,974.5 2 NA 
ARA11265 150130 +(20083-20339) 49 7 10.6 7,160.4 2 NA 
ARA9856 149368 +(46421-46817) 84 9 8.7 10,467.6 2 NA 
ARA14596 152205 -(200-611) 78 8 8.3 10,715.2 3 NA 
ARA16989 153489 +(139-499) 85 8 7.8 11,240.6 2 NA 
ARA5186 146670 +(3512-4168) 162 14 7.7 19,109.3 3 PmmT_02852.1|hypothetical 
protein [Phoma medicaginis var. 
medicaginis] 
ARA9871 149380 -(2159-2501) 66 6 6.8 9,047.1 2 NA 
ARA16790 153405 +(9165-9628) 115 8 5.9 14,492.7 2 PmpT_02300.1| hypothetical 
protein [Didymella pinodes] 
ARA16433 153234 +(884-1227) 78 5 5.2 10,012.3 2 PmpT_04302.1| hypothetical 
protein [Didymella pinodes] 
ARA222 8648 -(8492-8888) 81 5 5.1 10,440.8 3 PmpT_03467.1| hypothetical 
protein [Didymella pinodes] 
ARA14140 151949 +(23480-23900) 106 6 4.9 13,275.8 2 PmmT_00507.1| hypothetical 
protein [Phoma medicaginis var. 
medicaginis] 
ARA13574 151553 +(15223-15621) 112 6 4.5 13,416 1 NA 
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Table 5.2 : continued 
Protein ID 
Scaffold ID Strand 
(Coordinate) 
Aa1 #Cys2 % aa_c3 MW4 (kDa) #exon5 Top hit description of related 
species 
 
ARA11360 150200 +(2026-2409) 108 5 3.9 13,952.9 1 NA 
ARA19540 154887 +(37826-38155) 92 4 3.7 11,105.3 1 NA 
ARA14433 152113 -(175-984) 247 9 3.3 29,163.8 1 PmmT_00935.1| hypothetical 
protein [Phoma medicaginis var. 
medicaginis] 
ARA20130 155203 +(33764-34541) 208 7 3.1 24,993.1 2 NA 
Aa1 – is the mature length of the protein sequence (after removal of the signal peptide). 
#Cys2 – predicted cysteine residue 
%aa_c3 – percentage of cysteine residue in the total amino acid length 
MW4 (kDa) – predicted molecular weight 
#exon5 – number of predicted exon 
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5.4 Discussion 
Ascochyta blight disease of chickpea caused by A. rabiei represents a significant 
economic threat to global chickpea production. Sequencing the genome will 
provide new tools to investigate the mechanisms of host-pathogen interaction. In 
this chapter, preliminary studies to characterise A. rabiei effector proteins were 
elaborated. The culture filtrate of A. rabiei induced a response on chickpea leaves. 
Chlorosis and/or necrosis symptoms were observed after infiltration, mimicking 
infection symptoms. Chemical and heat treatment of the CF was found to fully 
inhibit the toxic compound, as no symptoms occurred under such treatment. This 
finding suggested that the toxic compound is proteinaceous in nature.  
 
Evaluation of Australian chickpea cultivars after CF infiltration showed that these 
cultivars exhibit diverse responses to the culture filtrate. This may suggest that the 
host plant sensitivity to toxins in culture filtrates was associated with host 
susceptibility to Ascochyta blight. In order to verify this, a good chickpea mapping 
population is needed in which we could examine quantitative trait loci (QTL) 
associated with both CF and fungal sensitivity. Comprehensive QTL-toxin studies in 
the wheat-P. nodorum pathosystem have shown clearly that multiple effectors 
interact with specific host-susceptibility genes in an inverse gene-for-gene manner 
(Friesen et al., 2007; Oliver and Solomon, 2008). 
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Three-step purification was carried out in order to purify proteinaceous effectors in 
the CF. The results of this study however unable to yield the purified protein that 
could be responsible for causing reactions in the host plant. SDS-PAGE analysis 
indicated that the active fractions banding profile had been contaminated with 
other protein profiles. Future examination should be carried out using different 
purification techniques, such as gel filtration chromatography or high performance 
liquid chromatography (HPLC).  
 
Overall we manipulated current genomic data in order to pinpoint the number of 
genes, based on the criteria for already published effector proteins. For fungal 
species within the Pleosporales order, effector proteins studies are a priority since 
their contribution as pathogenicity determinants has already been clearly 
demonstrated. In addition, to date no recent work has been published for A. rabiei.  
 
In this chapter, effector gene prediction was carried out using computational 
bioinformatic resources including SignalP, WolfPsort and Phobius tools which 
analyse potential secretion based on amino acid sequence for proteins secreted via 
the classical secretion pathway (O'Toole, Jia Min, Butler, Storm, & Tsang, 2006). In 
silico bioinformatic analysis has been applied to classical secretome prediction of 
many plant fungal pathogens such as  biotroph Ustilago maydis (Mueller, Kahmann 
Aguilar, Trejo-Aguilar, Wu, & de Vries, 2008) hemibiotroph Fusarium graminearum  
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(Brown, Antoniw, & Hammond-Kosack, 2012) and necrotroph Sclerotinia 
sclerotiorum (Guyon et al., 2014). However, evidence suggests that some fungal 
and oomycete effectors may use non-classical secretion pathways (Liu et al., 2014).  
SecretomeP is one tool developed to predict non-classical secreted proteins 
(Bendtsen et al., 2004). However, the reliability of SecretomeP to predict fungal 
secretomes is unknown as the algorithm was trained solely on mammalian and 
bacterial protein sets. For this reason, secretome analysis of the A. rabiei protein 
set via the non-classical pathway was not carried out.  
 
Using the available genome data, this study has presented a list of necrotrophic 
effector candidates from A. rabiei.   Based on in silico data analysis, 266 small 
secreted proteins (SSPs) have been identified. In comparison to other necrotrophic, 
biotrophic and saprotrophic Dothideomycetes fungal pathogens published by Ohm 
et al. (2012), A. rabiei has similar number of predicted  SSPs to P. nodorum (209), 
Pyrenophora tritici-repentis (223), Pyrenophora teres f. teres (205), Cochliobolus 
heterostrophus C4 (251) and Cladosporium fulvum (224). There are striking 
differences when compared with saprotroph Dothideomycetes fungi Baudoinia 
compniacensis (67), Hysterium pulicare (141) and Rhytidhysteron rufulum (123) 
(Ohm et al., 2012). This finding suggests A. rabiei secretes proteins in a similar 
manner to other necrotroph plant-fungal pathogens which differ from saprotroph 
fungi.  Ohm et al., (2012) proposed that a high number of SSPs present in 
necrotroph genomes could be due to the involvement in the plant-pathogen 
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interaction. Of the 266 A. rabiei SSPs identified, 68 contained functional protein 
domains such as cell-wall degrading enzymes and characterised necrosis-inducing 
proteins. This finding has been discussed in Chapter 4 and also this chapter 
focusing on the evaluation of unannotated SSPs.  
 
Oomycete's effector translocation into the host cell is facilitated by specific 
domains with motifs such as RXLR and EER (Whisson et al., 2007). In contrast, 
fungal effectors show no conserved sequence-based motifs except the 
controversial suggestion of a RXLR-like motif (Kale et al., 2010). Unlike oomycetes, 
filamentous fungal effectors are proposed to lack strong conserved motifs for the 
following reasons: there is a higher rate of mutation mechanisms such as repeat-
induced point mutation (RIP) (Clutterbuck, 2011) and intrachromosomal 
recombinations (Hane, Williams, Taranto, Solomon, & Oliver, 2015) observed in 
filamentous fungi, especially members of sub-phylum Pezizomycotina. This 
constant mutation of genome sequence may contribute to a lack of conserved 
motifs identified in fungal pathogens. Thus, it is challenging to determine a 
consensus sequence motif in fungal effector proteins (Sperschneider et al., 2015).   
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CHAPTER 6: GENERAL DISCUSSION 
AND FUTURE RESEARCH 
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6.1 General Discussion 
This is the first report of an Ascochyta rabiei genome sequence and its comparative 
analysis. The selected isolate ME14 was originally isolated in Western Australia. In 
Western Australia and worldwide, Ascochyta blight is a disease of major economic 
importance which causes substantial damage to chickpea crops. Under favourable 
environmental conditions the disease attacks at an early stage of crop 
development, starting with pale patches on blighted plants. It causes grain yield 
losses due to the low quality of the ensuing seed; in severe epidemics complete 
yield loss can occur (Pande et al., 2005). 
 
The aims of this study were to evaluate the interaction of A. rabiei with chickpea 
host plants by employing genome and secretome analyses. The host-pathogen 
interaction between A. rabiei and chickpea is a complex example of necrotrophy. 
Prominent effector findings from P. nodorum, a model pathogen for the 
Pleosporales, provided the hypothesis that A. rabiei potentially uses a specific and 
complex system of necrotrophic effectors. Several studies also demonstrate the 
involvement of the phytotoxin solanapyrone (Alam et al., 1989; Höhl et al., 1991; 
Chen and Strange,  1991) and proteinaceous compounds (Chen and Strange, 1994) 
in the mechanism that A. rabiei uses to cause disease in chickpea. Morphological 
changes including breakage of the chickpea stem and chlorophyll bleaching (Höhl 
et al., 1991), inhibition of seed germination and elongation of the hypocotyls 
(Zerroug, Bouznad, Larous, & Strange, 2007) and bleaching of stem and shoots 
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(Hamid and Strange, 2000), are all known to occur when chickpea is exposed to 
solanapyrones. 
 
Genome sequencing is an enabling technology that provides the opportunity to 
discover the mechanisms of virulence and pathogenicity (Dean et al., 2005; 
Adhikari et al., 2013); the mediators of host-specificity (Cuomo et al., 2007; 
Mandel, Wollenberg, Stabb, Visick, & Ruby, 2009); physiology and adaptation to 
ecological niches (Klosterman et al., 2011; Morin et al., 2012), and to perform 
comparative genomics versus related species (Amselem et al., 2011; Hane et al., 
2011; Manning et al., 2013). Access to the genome sequence allows for the 
annotation of protein-coding genes and regulatory features of an organism of 
interest. Previously, the Sanger sequencing method has been used to sequence 
whole genomes with outstanding accuracy due to relatively long read length. 
Nevertheless with dramatic decreases in the read length of NGS on platforms such 
as the Roche GS-FLX 454 Genome Sequencer (originally 454 sequencing), the 
Illumina Genome Analyzer (originally Solexa technology) and the ABI SOLiD 
analyser, NGS offers similar results at an affordable price (Zhang, Chiodini, Badr, & 
Zhang, 2011). The availability of open access bioinformatics tools now allows an 
opportunity to analyse many plant pathogen genomes (Studholme, Glover, & 
Boonham, 2011).  
 
In this study, the first genome sequence of A. rabiei was reported. The analysis of 
the A. rabiei genome sequence is a valuable resource to serve as a platform to 
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facilitate comparative genomic studies, in order to unravel pathogenicity genes and 
effector candidates. De novo assembly using Illumina short-read sequences 
demonstrates the genome has a total length of at least 34 Mbp and a comparable 
number of gene models to other Dothideomycetes fungal genomes (Table 3.4) 
(Hane et al., 2011). Similarly, Ellwood et al., (2010), using the same sequencing 
technique, have reported the Pyrenophora teres f. teres genome as also having a 
comparable number of gene coding sequences. Despite the challenge of validating 
in silico gene predictions, using small-scale datasets of transcriptomic, 
proteogenomic data and comparisons to P. nodorum enzymatic gene pathways, the 
findings presented in this thesis show that the A. rabiei assembly has a correct 
complement of gene-coding regions.  
 
Comparative analysis of published pathogenicity genes in curated public databases 
suggests the A. rabiei genome contains putative gene coding sequences with a 
potential role in pathogenesis. Furthermore, analysis of the solanapyrone 
biosynthesis gene cluster (SBGC) has revealed a more than 80% sequence identity 
between A. rabiei and Alternaria solani proteins. Phylogenetic analysis of the genes 
in this cluster suggests horizontal gene transfer (HGT) may have occurred between 
these 2 species. Future studies could focus on how this event may have occurred. 
 
Evaluation of A. rabiei culture filtrates (CF) suggested proteinaceous compounds 
were inducing chlorotic and necrotic symptoms in chickpea leaves. Partial 
purification of these proteinaceous compounds suggested the size of the active 
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components is in the range of 10–50 kDa. However, this finding was not conclusive 
as better purification techniques are needed. The abundance of contaminant 
protein profiles detected in these fractions made the clear identification of pure 
proteins very difficult. This might be due to the unsuitability of existing techniques 
(IEX and HIC) when it comes to separating contaminants from proteins of interest.  
 
The analysis of effector candidates predicted potential in 266 SSPs. Some of these 
were SSPs that were cysteine-rich and exhibited no homology to known sequences. 
Candidates with these features have been prioritised for further functional analysis 
in the future. 
 
6.2 Future Research 
The present investigation has contributed to fundamental information on A. rabiei 
genomic data, as well as provided an evaluation of potential candidate genes for 
the chickpea-A. rabiei interaction.  
 
These findings also open up further lines of research into the following areas: 
1. There are large numbers of short scaffolds in the A. rabiei genome 
assembly. Therefore, future research should pursue newer genome-
sequencing techniques with long reads in order to fill in the gaps between 
these scaffolds. There is also potential to complement the genome with a 
substantial amount of transcriptome data.  
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2. The function of putative pathogenicity genes during infection should be 
investigated by gene knockout studies. Knockout mutants would help to 
identify genes required for pathogenicity. 
 
3. Future studies may include gene expression analyses of the solanapyrone 
biosynthesis gene cluster (SBGC).  
 
4. The horizontal gene transfer (HGT) hypothesis between A. rabiei and A. 
solani requires further investigation for confirmation.  
 
5. Future research should also focus on improved protein purification 
techniques such as HPLC, in order to purify protein compounds in the 
culture filtrate (CF) more effectively. 
 
6.  Functional analysis using the Pichia pastoris heterologous expression 
system could be applied to the top candidates among the 266 predicted 
necrotrophic effectors in order to verify their putative functions.  
 
7. The expression profiles of necrotrophic effector candidates during the 
pathogenic cycle, as achieved by the application of quantitative real time 
PCR (qRT-PCR) or RNA-sequencing, warrant further investigation.
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Appendix A: List of primers used in the study 
 
Gene ID Forward primer  
5’ – 3’ 
Reverse primer  
5’ – 3’ 
M13 universal 
primer 
GTAAAACGACGGCCAGT GTTTTCCCAGTCACGAC 
ARA16314 ATGGGCTGGCTCGTGCTGAGTT  TTAGTAATCTTGCCACAAGC 
ARA16315 ATGCGTTTCATTATCTTGAA CATGACTAGTTTGAAGCCGC 
ARA16316 ATGCCGTCCACCCTCATCAA TCACAAGCCCATATTCGGTT 
ARA16317 ATGGGTGGTATGCTTGGTTT CTACAAGCCGCTCTCAATGT 
ARA11536 ATGGCGCTAAAATCCACAAA TCAAATCTTCAGATGAACCTCG 
ARA11537-Full ATGAGTTCCCAATACGGAACC TAGGCCCAACTATGCTACGG 
ARA11537-partial 1 ATGAGTTCCCAATACGGAACC AAGACGGCGTATTCGAACAG 
ARA11537-partial 2 CCGAACCTCCATCGAGTATCTCGA TGTAGGTGACGCAGCGAAGG 
ARA11537-partial3 TTGATGGGGCTCTTGCGTAG GATTGTGAAGACGGTGGCTC 
ARA11537-partial4 CATTTCTGAGTACAATTTCCTC GACTACTTTGCACGATGGCGA 
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Appendix B: List of 68 A. rabiei SSPs with Pfam domain 
 
Protein ID Pfam domain Protein ID Pfam domain 
ARA00770 Cupin_1 ARA12436 PBP 
ARA03198 DLH ARA12770 SCP 
ARA03212 SCP ARA12811 DUF2402 
ARA04273 Cupin_1 ARA13672 E1_DerP2_DerF2 
ARA04351 CVNH ARA13782 Trypsin 
ARA05098 Glyco_hydro_11 ARA14053 PBP 
ARA05377 Pectate_lyase ARA14251 PIR 
ARA05444 Glyco_hydro_61 ARA14613 Cutinase 
ARA05474 Glyco_hydro_61 ARA14641 LysM 
ARA05519 NPP1 ARA15080 Cutinase 
ARA05563 PBP ARA15497 Sod_Fe_N 
ARA05730 DUF1994 ARA15769 Pectate_lyase 
ARA05969 Lipocalin_2 ARA15822 CFEM 
ARA06118 CBM_1 ARA15892 Chitin_bind_1 
ARA06580 Lipase_GDSL ARA16088 KRE9 
ARA06936 Cutinase ARA16415 Ribonuc_L-PSP 
ARA07174 Trypsin ARA16842 Lipase_GDSL 
ARA07206 PBP ARA16862 Cerato-platanin 
ARA07311 Glyco_hydro_61 ARA16905 Lipase_GDSL 
ARA07431 Glyco_hydro_61 ARA17336 Pectate_lyase 
ARA07750 CFEM ARA18122 Chitin_bind_1 
ARA08741 Cutinase ARA18139 Glyco_hydro_61 
ARA08975 CBM_1 ARA18582 Cutinase 
ARA09343 Pectate_lyase ARA19169 DPBB_1 
ARA09595 CFEM ARA19369 SCP 
ARA11140 CFEM ARA19484 Glyco_hydro_61 
ARA11247 Ribonuclease_T2 ARA19485 Cutinase 
ARA11268 Lipase_GDSL ARA19577 NPP1 
ARA11295 Glyco_hydro_61 ARA19654 Isochorismatase 
ARA11712 Acetyltransf_1 ARA19732 DUF336 
ARA11730 Hydrophobin_2 ARA20391 Sod_Cu 
ARA11873 Cutinase ARA20745 Peptidase_A4 
ARA11915 PBP ARA21135 Glyco_hydro_12 
ARA11999 Glyco_hydro_11 ARA21473 Glyco_tran_28_C 
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